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NOMENCLATURE

a nominal lift curve slope, rad - l, equation (22)

an,An Fourier coefficients of cos(n*), equation (B11)

(an)f Fourier coefficient for f(), equation (Bl)

a(r,) local lift curve slope, rad - , equation (18)

[A()],Ajm Floquet modal function matrix, equation (34)

b number of blades, equation (50)

bn,Bn Fourier coefficients of sin(np), equation (B11)

(bn)f Fourier coefficient for f(p), equation (Bl)

B tip loss factor, equation (56)

c nominal blade chord, m, equation (22)

cz lift coefficient, equation (18)

c(r) local blade chord, m, equation (18)

C hingeless rotor parameter 8( 2 - 1) for centrally
Y 02pacR4

hinged rigid blade, equations (52) and (53)

C(k) Theodorsen function, equation (A8)

2(ao)-

CLac roll moment coefficient derivative with respect to ac' ac

9(ao)-
CL

CLec roll moment coefficient derivative with respect to 6c, aec
9(ao)-

CL60  roll moment coefficient derivative with respect to 0o, 2o

S(ao)CL

CLOs  roll moment coefficient derivative with respect to 6s, g0s

CMac  pitch moment coefficient derivative with respect to ac,

c(ao)cM

cac

v
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CMec pitch moment coefficient derivative with respect to ec

(ao)CM

aec

CM0 °  pitch moment coefficient derivative with respect to 00o,

3(ao)M

a~o

CM s  pitch moment coefficient derivative with respect to es,

3(ao) M
a0s

Cs60  root moment coefficient derivative with respect to 0o,

a(ao)-CS

a 0

CS200 second harmonic root moment coefficient with eo , equation (54d),

[(a2 2[a(b 2) 2

CS,CL,CM root, roll, and pitch moment coefficients,

S,L,M

p(R)2,TR
3 , equation (13)

a (ao) T
CTac thrust coefficient derivative with respect to ac, aac

a(ao) T
CT C  thrust, coefficient derivative with respect to 0c,' aec

a(ao) T

CTeo thrust coefficient derivative with respect to o00, a 0O

(ao)- T

CTo s  thrust coefficient derivative with respect to es, DOs

vi



CVC T  shear and thrust coefficients, V,T , equations (13)
p( R) 2 7R 2

and (50)

CvCT,CS S CVCT CSCLCM V,T S,L,M
rotor coefficients CVCC pacR,3 2  pacR- S,L,MCL1CM ca pacR302 pacR 4 2

equations (13), (50), and (51)

DA,D V  aerodynamic integrals, equations (30) and (A15)

e dimensionless hinge offset 6, equation (9)

eac aerodynamic center offset, distance aerodynamic center lies

forward of elastic axis divided by c, equation (A8)

erc dimensionless root cutout, equation (56)

EI beam cross-sectional bending stiffness, N-m2 , equation (1)

f, nonintegral portion of Lagrangian, N-m, equation (1)

f,n complex Fourier coefficients, equation (Bl)

f(r) integrand of Lagrangian, N, equation (1)

f('g() general periodic functions of azimuth, equation (B11)
h( )

F(r) aerodynamic loading, equation (2)

F(r)F(r) dimensionless aerodynamic loading F() equation (9)
2pacR'

g vertical component of local inertial force field,

m/sec 2, equation (Al)

go gs'g c  generalized inertial forces, equation (A4)

[Hq, [Hv'} harmonic balance multiplier matrices, equations (45) and (47)

i I-CY, equation (38); or an index if used as a subscript, c.f.

equation (7)

vii



I number of inflow harmonics, equation (All)

Im( ) imaginary part of complex number, equation (B24)

[Im] mth order identity matrix, equation (32)

IN number of azimuthal increments used to determine Fourier

series

Iy flapping inertia of centrally hinged blade f mr2 dr,

kg-m2 , equation (53)

j index, equation (5)

J number of modal coordinates, equation (5)

JL Lagrangian, equations (1) and (Al)

k reduced frequency 2 n), equation (A8); or an index when

used as a subscript or exponent, c.f. equations (26) and (39)

K number of control variables, equation (27); or order of

derivative, equation (Bl0)

K root flapping spring restraint stiffness, N-m/rad, equation (1)

Kij,[K ]  generalized stiffness, equation (9) or (33)

P lift on blade element, N, equation (18)

L roll moment for b blades (right side down), N-m,

equation (48)

m mass per unit blade length, kg/m, equation (1); or an index when

used as a subscript

m dimensionless blade mass, equation (A4)

mij,[m] generalized mass, equation (9)

yo'myy' modal parameters, <m > = <m ,' ., m >, equations (13b)

myj,<m>y Y Y yj

and (A4)
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M pitch moment for b blades (nose-up), N-m, equation (48)

M(r,) local Mach number, equation (23)

n harmonic number, equation (38)

N number of harmonics, equation (38)

P first flapping natural frequency divided by rotational frequency

Pij,[P] generalized centrifugal stiffness, equation (9)

Pj inflow polynominals, equation (All)

Poi centrifugal restoring force of built-in blade preshape,

equation (A4)

Pt (r) pretwist polynomial, equation (A9a)

P[++],[+]' Fourier matrices, equation (B13)

[P--],[P-+]

(q,q] generalized coordinates, equations (5) and (31)

qo amount of built-in blade preshape, equation (A3b)

C K' aerodynamic integrals, equations (30) and (A15)

QA,AV

r radial distance along blade, m, equation (1), figure 1

r dimensionless distance -, equation (9)

r unit vector along undeformed blade, figure 2

R blade radius, m, equation (1), figure 1

Re( ) real part of complex number, equation (B24)

s's' correction to lift-curve slope, equations (22) and (A7)

S root bending moment for one blade, N-m, equations (10) and (11)

S yS,<S> blade inertial parameters, <S> = <S1, ., Sj>,

equations (13b) and (A4)
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t time, sec, equation (1)

T thrust for b blades, N, equation (48)

Tr tension force in blade, N, equation (4)

Um,{U }  Floquet coefficients, equation (37)

Ux,Uy,Uz,Uz airspeed in blade element axis system, m/sec, equations (17)

and (A9b), figure 3

V root shear for one blade, N, equations (10) and (11)

V freestream velocity, equation (16)

VC,VK,Vj  aerodynamic functions, equations (28) and (A13)

Vx,Vy,Vz components of Vm in shaft-fixed axis system, m/sec,

equation (16)

w vertical displacement of blade element, m, equation (1),

figure 1

wo  built-in blade preshape, m, equation (A3b)

wCA,W V  aerodynamic integrals, equations (30) and (A15)

xi,{x} general variables, equation (36)

x y z blade-fixed coordinates, figure 2

S 2 shaft-fixed coordinates, figure 2

z hub plunge displacement, positive down, m, equation (Al)

[Z] combined stiffness matrix, equation (33)

a blade element angle of attack, rad, equation.(19), figure 3

ac shaft tilt in pitch (nose-up), rad, equation (16)

an  Fourier coefficients of cos(n*), equation (Bllc)

as  shaft tilt in roll (right side down), rad, equation (Al)

x



flapping angle for rigid hinged blade, 1 = r - e, q = B,

rad, table 1

n Fourier coefficients of sin(nP), equation (Bllc)

Lock number = pacR4
Lock number = equations (53) and (A4)

Ym constants depending on initial conditions, equation (34)

6variational, equation (2)

A phase angle, rad, equation (BS)

e flapping hinge offset, m, equation (9), figure 1

n dummy integration variable, equation (4)

nm complex eigenvalues, equation (34)

e blade feathering angle, rad, equations (19) and (24),

figure 3

.j, } generalized control vector for rotor, equations (27) and

(A12)

60 ,s,Oc  collective and cyclic pitch, rad, equation (24)

0q pitch-flap coupling of jth mode, equation (24)
qj
ot  amount of pretwist, rad, equation (A9a)

[Oq], [8V

[S] [OT], partial derivative matrices, equations (44), (46), and (49)

[ 0 L], [MI]

X jsX j Fourier components of X, equation (All)
is jc

X(r,p) inflow ratio, equation (A10)

advance ratio, equation (25b)

v(r,M) induced inflow, equation (AlOc)

xi



[f],[T] Fourier product matrix, modified matrix, equations (B14)

and (B15)

p density of air, kg/m
3 , equation (18)

a rotor solidity , equation (13a)

4inflow angle in blade coordinates, rad, equation (19),

figure 3

.j modal functions, equation (5)

o built-in blade preshape, equation 
(A3b)

[] Fourier phase change matrix, equation (B6)

azimuth angle, rad, equation (4), figure 2

frequency of control input, per rev, equations (A16)

and (B17)

rotational frequency of blade, rad/sec, equation (4)

[O] Fourier derivative matrix, equation (BI0)

d
-, equation (9)
dr

dd•) d equation (8)

(~) corrected for reduced frequency variation between

harmonics, equation (B22)

[ ] matrix

column vector

< > row vector

xii



FLAPPING RESPONSE CHARACTERISTICS OF HINGELESS ROTOR BLADES BY

A GENERALIZED HARMONIC BALANCE METHOD

David A. Peters
and

Robert A. Ormiston

Ames Research Center, NASA
and

U. S. Army Air Mobility R&D Laboratory

SUMMARY

Linearized equations of motion for the flapping response of flexible
rotor blades in forward flight are derived and used for calculating thrust and
moment response derivatives of hingeless rotors. The equations are based on
linear, quasi-steady, strip-theory aerodynamics neglecting induced downwash
but including the effects of reversed flow and compressibility. Lead-lag
bending, torsional deformations of the blade, and unsteady hub motions are not
included in the basic equations. The blade equations are extended in an
appendix, however, to include unsteady aerodynamics, nonuniform inflow,
unsteady hub motions, and unsteady control inputs. The differential equations
of motion for the generalized coordinates of the blade bending modes are
solved using a harmonic balance method. The method is generalized in matrix
form so that the system of differential equations may be transformed by appro-
priate Fourier operators into algebraic equations for the harmonics of the
blade flapping response. Analytical and numerical results are presented for
use in determining rotor response derivatives for the thrust, pitch moment,
and roll moment with respect to collective and cyclic pitch and rotor shaft
angle of attack for a variety of different system parameters. Simple analyti-
cal expressions for the derivatives are presented that are valid at low
advance ratios for a rigid, spring restrained, centrally hinged blade repre-
sentation. A series of numerical results are presented for a typical hinge-
less rotor configuration to illustrate the basic response behavior as a func-
tion of each of the four main system parameters. Results are also presented
to indicate the range of validity of a series of approximations for the blade
equations of motion. Truncation errors, reversed flow, compressibility, and
approximate mode shapes are examined in detail. Supplementary charts and
tables of the rotor response derivatives are presented in an appendix to
facilitate rapid estimation of the derivatives for preliminary design purposes.

INTRODUCTION

The hingeless rotor, although not a recent development, is finding
increasing application for helicopters and low disk-loading VTOL aircraft.
Because of its special configuration, it offers several advantages over



conventional articulated rotors. The basic difference between hingeless and

articulated rotors is in the attachment of the blades to the hub. The blades

of the hingeless rotor (also called the rigid rotor or nonarticulated rotor)

are attached directly to the hub without the flapping and lead-lag hinges 
of

articulated rotors. The feathering hinge, or bearing, is usually retained to

control the blade pitch angle. Eliminating hinges simplifies the rotor

mechanically and can potentially reduce weight and aerodynamic drag. Further-

more, the cantilever blades transfer aerodynamic bending moments 
to the hub

and thus, unlike hinged rotors, produce large rotor hub moments. This hub

moment capability provides the hingeless rotor with much higher control power

and angular damping than is available with articulated rotors; as a result,

the flying qualities of a hingless rotor helicopter may be improved substan-

tially. However, the increased hub moments of the hingeless rotor can also

produce undesirable effects. For example, pitch and roll cross-coupling,

lift-roll coupling, static angle-of-attack instability (pitch-up), gust sensi-

tivity, and rotor vibratory moments are all increased, especially at high

speeds and for configurations having blades with high flap 
bending stiffness.

This report presents a detailed and comprehensive study of the basic

hingeless rotor response characteristics. The properties noted above influ-

ence mainly the stability and control characteristics or flying qualities of

hingeless rotor helicopters. Therefore, the response characteristics of

interest are the rotor derivatives (also called stability and control deriva-

tives),which are defined as the partial derivatives of the steady-state force

and moment response of the rotor taken with respect to control inputs or

changes in the rotor operating condition. In the present context, response

characteristics can also include derivatives of the harmonics of rotor forces

and moments and also frequency response from harmonic control inputs. This

report does not deal with the stability of transient rotor responses.

The purpose of the report is to provide a basic understanding of hinge-

less rotor response characteristics and to improve the accuracy of calculating

these response characteristics. Linear partial differential equations are

presented for the flapping motion, thrust, and root flap bending moment 
of an

elastic rotor blade using linear aerodynamic theory that is valid for forward

flight. The equations are reduced to modal form by the Rayleigh-Ritz method

and solved by a generalized matrix formulation of a harmonic balance method.

The basic response behavior of typical hingeless rotor configurations is

described in terms of the basic system parameters: advance ratio, fundamental

blade flapping frequency, Lock number, and pitch-flap coupling. The sensitiv-

ity of hingeless rotor response to approximations in mathematical and struc-

tural modeling is examined in detail and the limits of accuracy for commonly

used assumptions are established. Finally, tabulations of several important

rotor derivatives are included for a range of typical hingeless rotor con-

figurations. Only the basic derivatives for thrust, pitch moment, and roll

moment in response to collective pitch, longitudinal and lateral cyclic pitch,

and angle of attack are considered. It is not intended to provide all force

and moment derivatives necessary for a quasistatic flight dynamics analysis.

The need for the present study is based on the following: First, the

stability and control derivatives for hingeless rotors are larger and more
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sensitive to configuration parameters and operating conditions than are the
derivatives for articulated rotors. These properties are therefore crucial
to the design of hingeless rotor helicopters, and it is particularly important
to have a comprehensive and general understanding of them. Second, several
different approximate mathematical models of the hingeless rotor have been
developed. The validity of these methods has not been adequately established
and further attention is required. Third, no published references contain a
comprehensive description or tabulation of the primary hingeless rotor
derivatives for a broad range of basic configuration parameters. Most avail-
able references are limited to the development of methods for estimating
derivatives or evaluating the accuracy of various approximate methods.
Several proprietary methods have been developed for predicting hingeless rotor
derivatives for design purposes, but these sophisticated techniques usually
yield only limited information and are not practical for producing sufficient
results to illustrate the basic properties of hingeless rotor derivatives.

Several previous investigations of hingeless rotor response character-
istics are available in the literature. A significant part of these investi-
gations pertains to the development of approximate mathematical models for
the hingeless rotor. A brief review of this literature illustrates the fac-
tors involved in these approximate mathematical models and will help to
introduce the subject of this report.

In one of the earliest investigations (ref. 1), at low advance ratios,
Payne described some general features of a centrally hinged, rigid blade with
hinge restraint, a configuration similar in many respects to the hingeless
rotor. The high control power and damping were noted and the variation of
moment response with hinge restraint was studied.

Young (ref. 2) developed a simplified theory for use in preliminary
design, where the flapping motion of an elastic blade was approximated by a
rigid blade with an offset flapping hinge and spring restraint. The offset
distance and spring stiffness were determined by the fundamental nonrotating
and rotating frequencies, respectively, of the elastic-blade. Young also
described the increased control power, angular damping, and pitch/roll
coupling of the hingeless rotor.

Sissingh (ref. 3) investigated the response characteristics of the
hingeless rotor at high forward speeds. A centrally hinged, spring-restrained,
rigid blade model was used and the effects of reversed flow on the periodic
coefficients of the flapping equation of motion were included. Solutions
obtained with an analog computer showed the sensitivity of response for vari-
ous values of Lock number and blade flapping frequency at high advance ratios.

Bramwell (ref. 4) developed a simplified method for determining the sta-
bility derivatives of a hingeless rotor helicopter. A rigid blade with an
offset flapping hinge was used and charts were presented for obtaining the
rotor force and moment derivatives. Unlike Young, Bramwell chose the hinge
offset based on the fundamental flap bending mode shape of the elastic blade;
that is, the rigid blade was assumed tangent to the elastic blade at the rotor

3



blade tip. Little discussion on hingeless rotor properties was given except

to note the typical high moment response.

Shupe (ref. 5) and Curtiss (ref. 6) investigated additional refinements

of the mathematical modeling. It was found that nonuniform downwash created

by rotor hub moments could substantially influence 
the control power and

damping. Shupe also showed that the offset hinge, rigid blade model of 
Young

would lead to moderate inaccuracies as a result of aerodynamic 
approximations

inherent in the choice of the blade mode shape, and that the 
rotor hub moments

should be expressed in terms of integrated aerodynamic 
and inertial forces

rather than the local internal elastic moment in the blade. Finally, using

the elastic blade equations, Shupe studied the effects of the second flap

bending mode (neglecting coupling with first mode bending) and found a sig-

nificant effect at moderate advance ratios (p 5 0.5).

Ormiston and Peters (ref. 7) investigated further the effects 
of approxi-

mate blade flapping mode shapes and higher flap bending modes using 
methods

developed here. These results show that approximate modes are less accurate

as the flapping frequency is reduced and that the effects of second mode flap

bending are unimportant for low and moderate advance ratios.

Sissingh and Kuczynski (ref. 8) investigated the effects of torsion 
on

the stability and flapping response of hingeless rotor blades. Except at very

high advance ratios or for configurations with low torsional frequency 
or

nearly resonant flap and torsion frequencies, the effects of flapping/torsion

coupling were found to be small.

Hohenemser and Yin (ref. 9) showed that the importance of the 
second

flapping mode found by Shupe was due to the neglect of 
the coupling terms

between modes. In addition, a few results for blades with tapered mass dis-

tribution were presented.

Huber (ref. 10) investigated the combined effects of torsion, lead-lag

bending, and flap bending on the stability and control characteristics 
of

hingeless rotor helicopters. A rigid blade with offset hinges was used and

the equations of motion were solved by numerical integration because 
of the

nonlinear coupling of bending and torsion as well as nonlinear airfoil 
aero-

dynamics. It was found that the torsion and lead-lag degrees of 
freedom can

be important for hingeless rotor response. However, the usual procedures

for linearizing the nonlinear torsion terms permit them to be expressed 
as

effective pitch-flap and pitch-lag couplings, of which the predominant 
effect

on the rotor response is produced by the pitch-flap coupling.

The mathematical model used here is simplified with respect to certain

structural and aerodynamic details. This simplification is necessary to pro-

vide comprehensive results for a range of configuration parameters without

obscuring the basic results with less important details or causing the number

of independent variables to increase unreasonably. The structural model

considers the elastic blade flapping deflections (perpendicular to the plane

of rotation) in terms of an arbitrary number of elastic modes. The rigid

blade with offset hinge is included as a special case. Coupled lead-lag
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(parallel to the plane of the rotation) and torsional deflections can be
important for hingeless rotor response, but they are not included here. The

i principal effect of this bending/torsion coupling can be obtained from the
present results if an equivalent linear pitch-flap coupling is determined
following reference 10. The aerodynamic forces are based on linear, two-
dimensional, steady airfoil theory, including reversed flow and compressibil-

ity but neglecting aerodynamic drag, pitching moments, and nonlinear airfoil
stall. These effects are important only for extreme operating conditions and
are not required to study the basic response characteristics of hingeless
rotors.

The blade flapping equations are solved by first expressing each general-
ized coordinate of the elastic blade flapping motion by a Fourier series.
Since the periodic coefficients of the equations and the forcing functions can
be expressed as known Fourier series, equating terms of like harmonic content
results in a set of linear algebraic equations for the unknown coefficients
of the assumed Fourier series. This method, referred to here as the harmonic
balance method, has traditionally been used to solve for articulated rotor blade

flapping response. Usually only one or two harmonics were used for the flap-
ping motion of a rigid, hinged blade (refs. 11 to 15) (although ref. 16 treats
the flap, lead-lag, and pitch motion of a rigid blade), so that closed-form
expressions for first harmonic flapping response could be obtained. These
results are useful for low advance ratios, and illustrate the basic dependence
of rotor response on the system parameters. For higher advance ratios,
reversed flow effects are important, the second and higher harmonics of the
flapping motion are required, and numerical solutions become necessary.

For hingeless rotors, the number of unknown coefficients to be determined
by the harmonic balance can be substantially increased by the generalized
coordinates of higher bending modes and by the higher harmonics required at
moderate to high advance ratios. The harmonic balance method presented here
is generalized through matrix techniques. This allows a practical and effi-
cient numerical solution of the blade equations even when the number of
unknown coefficients is large. The method is also applicable to other linear

systems that have nonanalytic periodic coefficients, with an arbitrary number
of harmonic control inputs or forcing functions. In this form, the method
could be applied, for example, to the flap, lead-lag, and torsional motions of

several rotor blades (as well as the dynamics of fuselage motion and feedback

control systems), including unsteady aerodynamics.

BLADE FLAPPING EQUATIONS

Linear equations are derived for the flapping motion of a rotating elas-

tic blade including the aerodynamic forces for forward flight conditions. The
equations represent a simplified model of the hingeless rotor, but one that is

sufficiently accurate to illustrate its fundamental response characteristics.
Not included are lead-lag and torsional deflections, nonlinear airfoil aero-

dynamics (such as stall), and nonlinearities due to large deflection
amplitudes.
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The derivation of the equations is performed in two steps. First, the

energy equation for a rotating beam with distributed forces is derived and

then reduced by the Rayleigh-Ritz method to a system of ordinary differential

equations in terms of the generalized coordinates of elastic bending modes.

Since these equations are available in the literature (cf. ref. 17), only a
brief derivation is given. The present treatment is sufficiently general to

accommodate both cantilever blades and hinged blades with spring restraint

about the hinge. A rigid blade with the hinged boundary condition is often

used to approximate an elastic cantilever blade.

Second, the aerodynamic forces acting on the blade are derived. Linear,
thin airfoil theory is used; velocity components parallel to the blade radial

axis, unsteady aerodynamics, and wake-induced downwash are neglected.

Reversed flow effects and Prandtl-Glauert compressibility corrections are

included.

Rotating Beam Equations

Description of model- The physical model adopted for the helicopter rotor

blades is a beam rotating with angular velocity 0 as illustrated in

figure 1. The beam is taken to be infinitely rigid inboard of the flapping
hinge (r < E) and flexible outboard of the

F(r) hinge. Only deflections normal to the plane
of rotation (w) are considered. The beam is

W restrained at the flapping hinge by a root
spring K . For a completely hingeless rotor,

R r - perties (e.g., EI, m, c) and may also have a

root cutout (r < Rerc) where aerodynamic
/ Rerc forces are negligible

Lagrangian- The Lagrangian for a beam
HINGE that performs small vertical motions is given

5(r) by the kinetic energy of the system minus the

Figure 1.- Rotating beam potential energy in the strain field, tension
geometry. field, and external spring. If the beam is

taken to be infinitely rigid for r < E the
Lagrangian may be expressed as

2 2 2

JL ~R m r) + m E-

Tr dr - K ,-

2 rr 2 Br

f f(r)dr - f (1)

6



where JL is the Lagrangian; r, the radial distance along the blade; R, the

tip radius; m, the mass per unit length; w, the vertical displacement from the

static position; t, time; El, the bending stiffness; T , the radial tension

force; , the azimuth angle; and KB, a root spring. The function f(r) is

defined as the integrand of equation (1), and is the difference between the

potential and kinetic energy per unit length. The function fE, defined as

(1/2)Kg(aw/3r)2r=e, is the potential energy in the root spring.

The equations of motion are obtained by adding the first variational

(including time) of the Lagrangian and the work done by external forces,

setting the sum to zero, and integrating by parts:

-w [3f - (f a a/ a2  af + F(r dr 6w

R aw[ a(aw/at) -r a(aw/ar) r 2 a(a 2 w/ar 2 )

3f R af aw H af (f = 0
+ 6w + 6w 6(f

a(aw/ar) E ( 2 w/r 2 ) r ar a(a 2 w/ r 2 ) (2)

where F represents the external aerodynamic forces in the direction of w.

The integral term in equation (2) yields a partial differential equation for

the blade motion w. The nonintegral (or trailing) terms, on the other hand,

supply the appropriate boundary conditions of any particular problem. Apply-

ing the definition of f(r) in equation (1) to the first variational in

equation (2) yields

S -mw + ar r - a 2  + F(r) dr 6 w - Tr  w

SEl 6 - El - w - K - 6 0 (3)
ar 2  ar ar ar2  =

For a beam rotating with constant angular velocity 2 and having a free tip:

T =Q R dTr _mrp d (4)Tr = 2 mn dn , - -mr2 , 0 = -(4)
f dr T
r

Setting the integrand of equation (3) to zero yields the differential equation

for the small vertical oscillations of a rotating beam under the influence of

general external forces; setting the trailing terms to zero yields the appro-

priate boundary conditions.
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RayZeigh-Ritz method- The Rayleigh-Ritz method uses the expansion theorem

for linear systems (ref. 18), which implies that the response w(r,t) can be

separated into a sum of products of functions of r only and functions of t

only:

J

w = R (r)q (t) (5)

j=1

where j (r) are modal functions and q.(t) are generalized coordinates.
Although this formulation does not necessarily uncouple the solution for each

qi, the linearity does ensure that the series will converge as J becomes

1 rge. The modal functions pi are chosen as any complete set of linearly
independent functions (providea they satisfy certain geometric boundary con-
ditions and are piecewise twice differentiable). For solution by the Rayleigh-
Ritz method, equations (4) and (5) are substituted into equation (3). Since

J

6w = R j (r)6q

j=1 (6)

J d
6 = R 6r jqj

j=1

and because equation (3) must vanish for arbitrary 6qj, there will be J

equations for the unknown generalized coordinates qj (one equation for each
6qj coefficient). The J equations are

R2J JfR d2  d2  m d d2  mn d dr qj

dr2  dr2  i dr i dr2
j=1 r

+ R d2q + d R R d d2  R

dt2  i drm d + Edr dr2

-d- (El I q.j + Kd d qj = R f F(r)dr , i = 1, J
i dr dr2  dr dr

(7)

and when the coefficients of qj are collected, equation (7) can be expressed
as

8



mj+ (Pij + Kij)qj] f J i F ( r ) d r ' ± =  , J (8)

j=1 e

where

m.ij - pacR f mij dr

Pij pacR rij - di 1 n dr + [i ji' mn dn 

11

1 '' mn d dr
pacR i ]

K.. (
_ 1 [i(EI j")"]dr + KBR( ') + [-(E ")'

pacR5 2 r=e

e

F F

2 pacR 3  R

(9)

Equation (8) gives the linearized, dimensionless flapping equations of motion
for a rotating beam written in terms of the generalized coordinates q . The
matrices defined in equations (9) have been simplified by placing all terms
within the integral. This yields the same result as applying Galerkin's
method (with trailing terms) to equation (1). The coefficients mi- and Kij
form the generalized mass and stiffness matrices for a nonrotating 1 eam.
The coefficients Pij form the centrifugal stiffness matrix due to rotation.
The function F(r) is the dimensionless aerodynamic force acting on the blade.

9



Root shear and moment- The thrust and moment response of a rotor is

determined by summing the root shears and moments of each individual 
blade.

The root shear and moment (V and S) for each blade in the rotating 
coordinate

system can be expressed either in terms of internal 
elastic forces or as inte-

grals of the blade aerodynamic and inertial loading. 
In terms of the elastic

forces, C

(El

Vr2 = (10)

S = or + e - EI I2W + F(r)r dr
rr2r=

In terms of the integrated loading, the shear and moment are

R R

S= - m - dr + f F(r)dr
Dt2

(11)

t2
S t2= - m -+2wrdr + f F(r)r dr

The two formulations given in equations (10) and (11) can differ in

accuracy when w is approximated by a truncated orthogonal expansion such as

equation (5). In general, the accuracy of equations (10) can be increased by

choosing the actual mode shapes of the beam as the modal functions; but the

accuracy of equations (10) is generally not as good as that of equations (11).

This difference in accuracy can be attributed to two factors: (1) equa-

tions (11) contain F(r) explicitly while equations (10) contain F(r)

implicitly as a series expansion and (2) the errors involved in truncating

d34/dr3 and d2 4/dr2 in equations (10) are greater than the errors involved in

truncating the lower derivates P and dp/dr in equations (11). For this

reason, the integrated loading equations (11) for the root shear and moment is

used.

The shear and moment may also be expressed in terms of the generalized

coordinates qj by substituting equation (5) into (11):

10



S~IIRC dd2q. R
V = - 2R Rm dr d- + J F(r)dr

L J' J dt2

(12)

_ C i

S = -R mr dr F(r)r drj=1 

After the terms are made dimensionless, the shear and moment expressions
become

C-- - = - Sjqj + F dr
V ca

j=1
(13a)

C
C-S -a m.(4 + qj) + Fr dr

j=1  0

where

- V

pacR3R2

-- S

S pacR4 Q2

1 (13b)

1

Sj pacR m j

m. 1 mr4. dr
yj pacR 3

and a is the solidity for one blade only (a = c/TrR). Equations (13) thus

give the shear and moment coefficients as functions of the generalized

coordinates and generalized forces.

ii



Boundary conditions- To apply the above equations to a particular blade

configuration (hingeless or articulated), the boundary conditions implied by
the trailing terms in equation (3) must be considered carefully. They must
vanish independently from the integral term in equation (3) because the

variational 6w is arbitrary. It follows that four boundary conditions must
hold:

-El EI --- = 0 ( R)

Sar l

K -El @6 =0 (r =) (14)

E2l26 =0 (r = R)

For each condition in equations (14) to be fulfilled, either the variational
(6w, 6(aw/ar)) must vanish (a geometric boundary condition) or the bracketed
term must vanish (a natural boundary condition). For articulated.rotors, the
only geometric boundary condition is the vertical displacement constraint at
the root, 6wr=E = 0. Three natural boundary conditions remain (note that

Tr(R) = 0):

--oEl 3 0
ar ar2/r=R

rr=R

EI --r_=R =o sa)

K w El =0

These conditions imply that the shear and moment at the free tip must vanish
and that moments about the hinge must be in equilibrium. For hingeless rotors,
an additional geometric boundary condition,

( 0 (15b)

is imposed and the natural boundary condition on the moment about the hinge
is relaxed.
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The modal functions, 4j, must satisfy all geometric boundary conditions,
but not necessarily all natural boundary conditions. The trailing terms in
equation (3) will force the solution to minimize the integral and trailing
terms in equation (7). Thus, when the trailing terms are retained, kj need
not satisfy natural boundary conditions. If the trailing terms are not
retained in equation (7), then j must satisfy all boundary conditions.

Generalized Forces

The aerodynamic force acting on the rotor blade is derived from inviscid,
linear, quasi-steady strip-theory. The effects of drag, induced downwash, and
stall are neglected. In this theory, the relative air velocities experienced
by each blade element determine the aerodynamic lift on that element.

Two sets of rotor axis systems are used to determine the relative air
velocities for each blade element. The first axis system (X,-Y, Z) is a
nonrotating, shaft-fixed system figure 2a. The rotor shaft is assumed to lie

along the -Z axis, and the free stream
velocity V. is assumed to lie in the
X Z plane. The angle between V. and
the X axis is ac, the shaft angle of
attack. The shaft-fixed velocity com- v
ponents are therefore given by

Vx = -V" cos ac

Vy = 0 -ROTOR SHAFT

Vz = -V, sin ac (16) Z
+ (a) Nonrotating axes.

The second axis system (x, y, z) is a(a Nonrotating axes.
rotating, blade-fixed system, figure 2b.
The position of this coordinate system is -Z
defined by two rotations of the shaft-fixed
system. First, the shaft-fixed system is
given a rotation through an angle4  + T
about the -Z axis. This aligns X with
he undeformed blade axis r. The X, Y,
Z axis system is then given a sall angle
rotation dw/dr about the new Y axis.
This rotation aligns X with the local
blade element. The axis system generated _
by these two rotations is defined as the

rotating, blade-fixed system (x, y, z). dr

The relative fluid velocities experi-
enced by each local blade element are found (b) Rotating axes.

by transforming the Vx, Vy, Vz velocity

components to the blade fixed axis and

adding the velocity components due to Figure 2.- Rotor

blade rotation and vertical motion. coordinate systems.
13



Ux = -Vx cos - Vz dw/dr

Uy = Qr - Vx sin '

U = dw/dt + V - V cos dw/dr (17)

According to strip theory, the blade lift is independent of the spanwise

velocity component Ux , and the lift per unit span is given by

S= pE(r) 2 + U2]c (18a)

where c is the lift coefficient, c(r) is the local blade chord, and p is

the density of air. The two-dimensional lift coefficient cZ given by

inviscid thin-airfoil theory is

ct = sgn(Uy)a(r,,) sin a (18b)

where a(r,4) is the local lift-curve slope (2fr for a flat plate), and the

sgn(U ) provides for proper lift force direction in the 
region of reversed

flow (U. < 0). The angle of attack, a, is defined as the difference of the

geometric pitch angle e and the resultant inflow angle 4, as shown in

figure 3. The quantity sin a in Eq. (18b) can be evaluated as follows

o =e-

= tan-1 (Uz/Uy)

sin a = sin e cos 4 - cos 0 sin 4 (19)

where
U

cos =
SUy 2 + U 2

U

sin =
U y2 + U 2

-z
S( r)

a a

Uy -Y

Figure 3.- Blade element geometry.
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The rotor blade force component in equations (7) and (11) is shown in
figure 3 and is given by

F = R cos p (20)

The effect of the cosine of the small angle dw/dr can be neglected because
w has been assumed to be an infinitesimal quantity (making the equations
linear in w and its derivatives).

Combining equations (18) and (20)*, the vertical component of k can
be written

F = sgn(U ) pa(r,)c(r) [U 2 sin 0 - U U cos 0] (21)
2 y Yz

For small pitch angle, 6, the aerodynamic load may be written as

F pac s(r,ip)[U 20 UUz]
2 y y z

(22)

a(r, )c(r)
s(r, ) = sgn(U) ac

where a and c are nominal values for the lift-curve slope and chord. The
term s(r,p), as defined in equations (22), can be used to account for
reversed flow, tip loss, root cutout, compressibility, and other parameters
that affect the blade lift-curve slope. Reversed flow is defined as the con-
dition in which a portion of the blade encounters airflow directed toward the
trailing edge of the blade (Uy negative). In addition to the nonanalytic
switching of sign associated with sgn(U ), reversed flow can also result in
an abrupt change in the magnitude of a(r,p) since the blade lift character-
istics near a = 1800 may be different from the lift characteristics near
a = 00. The change in sign and possible change in a are accounted for by
s(r,4). Similarly, blade tip loss (loss of lift near the tip due to effects
of three-dimensional flow) and root cutout (incomplete airfoil sections near
the blade root) are treated by setting s(r,p) = 0 near the blade root and
tip. For compressibility corrections, the simple Prandtl-Glauert correction
factor can be included with

s = sgn(Uy) (23)

1 - M2 (r,P)

where M is the local Mach number.

Final equations-- The final rotor equations are obtained by: first, sub-
stituting the velocity expressions (16) and (17) into (21); second, writing

*Note that the usual small angle assumption for 4 = tan 4 (or P - Uz/Uy) has
not been invoked.
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the pitch angle 0 in terms of the physical controls; and third, substituting
the resultant force expressions into equations (7) and (11). The blade pitch

angle, 8, is written in terms of collective pitch 60, cyclic pitch 6s and

ec, and the pitch-flap coupling qj :
J

06 = 6o s sin P + 0c cos + qjqj (24)

j=1

The pitch-flap coupling 6qj can result from the kinematics of the pitch

change mechanism (for which Oqj is proportional to the modal deflection pj

at the pitch horn), or it can result from a flapping mode shape that includes

some torsional deformation (for which e is taken to be some average value

of the torsional component of 4j). Combining these equations and making them

dimensionless gives the following expression for the aerodynamic force:

-s2 (r + p sin )2E
(r + sin 2 + 6 in + 0 cos + eqq

j=1 -

- (r + p sin )L + jj + I cos (%'qj) (25a)

j=1

where

V, COS a C
- O (25b)

In more compact notation, the dimensionless aerodynamic force is

K J

F = s(r,) Vk k -s(r,') [Vc jqj + (VKj' + DqjVi)qj] (26)

k=1 j=1

where

K = 4 , 61 0 60 , 2 0 s , 03 c , C 64 ac (27)

and
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r sin ()
S- 2

r cos() + u2 sin(2 )
2 4

r2 2  i 2 cos(2p)
VI 2 +  + r sin(p) - 4

(28)

2  - - + in 32) vr cos(2,) + 12 sin(3p)
2 (2 - 2 8

V3  -- + Pcos() + pr sin(2@) + 8 cos(3 )

r + ij2 sin(p)

The final equations for the blade deformations and the root shear and moment
can now be written in matrix form:

[m]q } + [DC] q4 + [P + K + DK - DA]{q = [DV] {o (29a)

CS = -<my>q} -<QC>1 4  -<m + QK _ QA>qj + <QV>{6} (29b)

Cv = -<S>q - <wC>{ - <WK _ A> q + <wv>e, (29c)

where C
Dj i sVci j dr

e

1

D i f sVKij' dr
ej

(30)
1

D -= 6 sV1 i dr , j = , 4

1

ij sV i dr (Continued)
e
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QC sVC jr dr
e

QjK = SVKIj'r dr
e

QA = 0qj svir dr

Q , sVr dr , j = i, 4

o0 (30)

C SVc drW. J 1 sVC dr
e

1

w. K 2 SVK j dr
e

W A eq sV1 dr

W.V - f sV. dr , j = 1, 4
J 0

These blade equations are generalized in appendix A to include harmonic 
control

inputs, unsteady aerodynamics, nonuniform downwash, and 
rotor hub motion.

GENERALIZED HARMONIC BALANCE

The flapping equations of motion in terms of the generalized coordinates

(eq. (29)) are linear ordinary differential equations with periodic coeffi-

cients and may be solved in several ways. The formal solution, which is

periodic in time, is given by Floquet theory. Although the solution may be

determined directly from Floquet theory, the linear and periodic properties

imply that a specialized method may be more efficient computationally. 
The

harmonic balance is, in this sense, a specialized method. The generalized

coordinates are first expressed in terms of Fourier series and these series

are substituted in the equations of motion. This process involves multiplica-

tion of the Fourier series that represents each generalized coordinate by the

Fourier series of the time-varying coefficients, thereby yielding a new series

of harmonic terms. The coefficients of each sine and cosine harmonic are

equated to the coefficients of corresponding harmonics of the periodic

18



aerodynamic forcing functions in the equations of motion. This "harmonic
balance" gives a system of linear algebraic equations in the Fourier coeffi-
cients of each of the blade flapping generalized coordinates.

The harmonic balance method has traditionally been used to obtain analyti-
cal solutions for the response of rigid, articulated, helicopter rotor blades
with a single flappigg degree of freedom. For the elastic hingeless rotor
blade, however, several generalized coordinates for the blade flapping deflec-
tion are often required. If each coordinate is represented by even as few as
two Fourier coefficients, the harmonic balance method can become algebraically
cumbersome. Therefore, a matrix formulation is developed to generalize the
harmonic balance method so that the analysis of systems having many coupled
degrees of freedom can be performed efficiently. In this matrix form, the
generalized harmonic balance method is a practical and efficient means of
solving for the forced response of a system of linear differential equations
with periodic coefficients. This report therefore includes an outline of the
derivation of the matrix formulation of the method. The method is then
applied to the rotor blade flapping equations derived in the previous section.
The derivation begins with a review of the formal solution from Floquet theory.

Floquet Theory

The classical solution of linear differential equations with periodic
coefficients is given by Floquet theory. To apply the theory, equation (29a)
is first converted to state variable form with the definition

q _jjqjj 
(31)

which yields

0 -I 0

[+ [ l1 (32)
[m]-1[Z] [m] -[DC]i [m]-1[DV

where

[Z] = [P] + [K] + [DK] - [DA ]  (33)

Because the coefficients of equation (32) are periodic, Floquet's
theorem states that the homogeneous solution to the equations (8i = 0) hasthe form 1

q = [A()] {Ym enm (34)19 (34)
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The complex periodic matrix [A] and the complex eigenvalues nM  can be
determined from the Floquet transition matrix, and the coefficients ym can

be determined from initial conditions (ref. 19). It follows that equa-

tion (32) can be reduced to a system of uncoupled constant coefficient equa-

tions by a change of variable:

q l= [A( )] xj (35)

which yields

ix[ n1 x ii U (36)

where

1u = [A(P)]-1 [e (37)
[m]-l[DV

The solution for the xm can be obtained by inspection:

+N ni

x = ,n , m = 1, 2J (38)
m n - n

n=-N

where Um,n are the complex Fourier coefficients of Um. The particular

solution to equation (32) can then be found by substituting equation (38) into

(35) to yield

2J +N +N i(n+k)1

qjjmkmn j = i, J (39)

m=1 =-N n=-N

where Ajm k are the complex Fourier coefficients of Ajm. Thus the solution

is a perioAic function with no subharmonics.

Floquet theory can therefore be applied directly to calculate the forced

response of equation (29a) by first solving for the transient response

(eq. (34)) and then applying it to equation (32). In this case it is computa-

tionally more efficient to solve directly for the forced response by taking

advantage of the form of the solution. Equation (39) shows that the solution

for the generalized coordinates is periodic with 27 and can therefore be

expressed as
N

q = (an) cos(ni) + (b n ) qj sin(nP) , j = 1, J (40)

n=o q3
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The harmonic balance method involves first substituting equation (40) into

(29a), second expanding the coefficients of equation (29a) into their Fourier
series, third forming appropriate derivatives and products, and fourth,
collecting coefficients of like harmonics. This process results in (2N+I)J
linear algebraic equations for the unknown harmonics of the generalized
coordinates (an)qj and (bn)qj. Although Floquet theory implies that, in

general, N approaches infinity in equations (39) and (40), in practice the
Fourier series for qj must be truncated at a finite value for N. The
truncation error associated with restricting N in equation (40) must there-
fore be established in each particular case.

Matrix Formulation

Example of matrix operations- The basic principles of the harmonic
balance method are cumbersome when applied to systems with many degrees of
freedom. Furthermore, when the equation coefficients are nonanalytic func-
tions, the Fourier series for these coefficients must be evaluated numerically.
The harmonic balance method presented here is formulated in matrix notation so
that operations involving derivatives, products, and the collection of terms
are done symbolically. The definitions and rules of manipulation for these
symbolic operations are developed in appendix B. As an example of the appli-
cation of these operations, consider the assumed solution of equation (40)
substituted into (29a) for J = 1, K = 1. The resulting system of algebraic
equations is

C an an(
[[T(mli)[1] 2 + [1(D 11 )][o] + [1(Z 11)]1  = 1 (41)

bn bn  V 1

where [R] is the Fourier product matrix (defined as a simple algorithm of the
Fourier coefficients of its argument), [0] is the Fourier derivative matrix,
and <anbn> V are the Fourier coefficients of DY

11

N

DVI =-(an)DV cos(nP) + (bn) V sin(no) (42)

The coefficients bo, although unobservable because they multiply sin(0O),
are retained in the equations for reasons of symmetry. Thus, the Fourier
operators [H] and [cl may be used to transform a periodic coefficient differ-
ential equation into a system of algebraic equations.

Equation (39) shows that if Im(nm) is an integer and Re(nm) = 0, the
forced solution will increase without bound. Thus, if the left-hand side of
equation (41) is singular, it can be assumed that Re(nm) = 0 which implies
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from equation (39) that the system is neutrally stable. The existence of a

solution to equation (41) is therefore a necessary condition for stability.

Note, however, that solutions to equation (41) will exist even when Im(nm) is

not an integer or when Re(nm) > 0. Thus, the existence of a solution to

equation (41) is not a sufficient condition for stability.

Application to rotor equations- The Fourier operations applied to a

single equation in equation (41) may easily be applied to the complete set of

rotor equations, equation (29a), transforming them into 2J(N+1) algebraic

equations:

I((m1 A- 0 2 J) 0 12

i= 1,J n= 0, N

The solution for the <abn q follows directly:

a an

bl [Hq]- 1  bn e

ik (44)

where
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[Hq] * * [(mij)][1]2 + [I(DCj)][] + [n(Zij)] * * (45)

Shear and moment- In addition to obtaining the solution for the blade
motions (i.e., for q-), it is also useful to obtain the solution for the
shear and moment at the blade root in the rotating coordinate system. The
root shear and moment coefficients, CV and CS, are obtained as functions of
time by substituting the solution for q- (eq. (44)) directly into equa-
tions (29b) and (29c). The Fourier coefficients (i.e., harmonics) of CV and
CS  may then be obtained by Fourier analysis of the equations. The substitu-
tion of equation (44) into (29b) and (29c) and the subsequent Fourier analysis
can be performed by straightforward application of the Fourier product and
derivative rules to equations (29b) and (29c). The resulting expressions for
the shear and moment coefficients are

an 

Ianb - [Hv] [q]e bn .
V W.V

(46)

an .F an 1
bn C -[Hs] [Eq] e + . bn * E [eOs3]e

s j

where

[H][ E [ (Sj)][] + [2 n(w c[o + [n(w K A

(47)

[Hs] E[. * [S(myj)][D] 2 + [(QjC)][] + [T(myj + Q K- QjA)] . *(

The Fourier coefficient matrices for WV and QV in equation (46) give the
portion of CV and CS due directly to control inputs, not including the
indirect effect that blade elastic deformations have on the shear and moment
(i.e., they give CV and CS for an infinitely rigid rotor). The HV and HS
matrices, on the other hand, give the contribution of each of the generalized
blade deformations to CV and CS . Thus, [eV] and [OS] in equation (46) give
the total shear and moment due to control inputs, including the effect of
structural deformations caused by those inputs.
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Hub forces and moments- The hub forces and moments in the nonrotating
coordinate system may be directly obtained from the blade root shear and

moment in the rotating coordinate system. For a single-bladed rotor, the

expressions are

T=V

L = -S sin (48)

M = -S cos

where T is the rotor thrust, L is the rolling moment (positive with right
side down), and M is the pitching moment (positive with nose-up). The

harmonic coefficients of T, L, and M are obtained by use of the Fourier

product operator:

an

an

bn =-['(cos )][O]eS 6e [20M

M

The harmonic content of T, L, and M for a rotor with b blades is
obtained by first summing the contributions of each blade and second dividing

by the blade number b, since b appears in the definition of CT through
a. The result for CT is

b

C (t) = - (t + [j - 1] (50)
T b-blades j=/ 1-blade

From the relation in equation (B2), it is seen that equation (50) cancels all
harmonics of CT which are not integer multiples of b (n = 0, b, 2b, . .),

but leaves unchanged harmonics that are integer multiples of b. The same
cancellation is also true for CL and CM; therefore, the single-bladed results
for CT, CL, and CM are valid for rotors with any number of blades so long as
the appropriate solution harmonics are set to zero.
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Response derivatives- The absolute magnitudes of the blade deflections,
root shear, root moment, thrust, roll moment, and pitch moment are obtained by
multiplying the appropriate [0] matrices by the control vector {0}. This
linear dependence on 0j gives the elements of [0] direct physical signifi-
cance as the partial derivatives of each response harmonic taken with respect
to each generalized control 6j. For example, the elements of [0T] (with
N = 2) are

3(al) - /ao a(ag)C /as a(ag)C /e a(ag) -T/ac
T T T T

l(al) /Do a(al)- /30a a(al) - /ao a(al)C- /ac
T T T T

a (a) o a(a)T /a (a2 ))/ /as  a(a2)E / 2)
T T T T

[OT] = (51)

a (b) T 0/ o a (b1 ) To s  (b 1)-UT/aelo (b) T/-a c

D(b2 ) T/a0 0  (b2 ) -T/ao s  a(b 2 ) E/oc a(b 2 ) /aa C

This same partial derivative structure exists for all [0] matrices ([Oq],
[OV] , [oS], [0M], [

5L]) . For simplicity of notation, the elements of the
first row of [OT] (the steady portion of CT) are abbreviated as
< CT CTs CT CT >. Similar abbreviations are used for the ao  (steady)

o s c ac
components of CS, CL, and CM. These ao  components of the partial deriva-
tives are called the rotor response derivatives.

HINGELESS ROTOR RESPONSE CHARACTERISTICS

The basic characteristics of the rotor derivatives will be examined for
a typical hingeless rotor configuration. Twelve dimensionless derivatives
will be included: rotor thrust, pitching moment, and rolling moment, with
respect to collective pitch 00 , longitudinal cyclic pitch 0., lateral cyclic
pitch 0c, and shaft angle of attack ac. The response behavior is first
examined with the aid of simplified closed-form expressions for these response
derivatives. And second, the variation of the derivatives with respect to
the parameters that define the configuration and operating condition will be
discussed. A more comprehensive series of graphical and tabular results are
presented in appendix C.

With certain simplifications and assumptions, the harmonic balance solu-
tion of the flapping equations can be used to obtain analytical expressions
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for the response derivatives. To obtain these simplified expressions, the
centrally hinged, rigid blade model is used, only the first harmonic flapping
response is retained, and the effects of reversed flow aerodynamics are
neglected. The expressions, given in table 1, correspond directly to the
classical expressions for steady-state blade flapping response 8 found in
reference 13 (for the articulated rotor) and in reference 1 (for hinge spring
restraint). The results are reasonably accurate at low advance ratio and they
readily illustrate the dependence of response behavior on the system
parameters.

Characteristics of the Simplified Derivative Expressions

The most fundamental hingeless rotor behavior is manifest in the rotor
pitch and roll moment derivatives with respect to cyclic pitch. The magnitude of
the hub moment, the relative magnitude of the pitch and roll moment components,
and the influence of flap frequency and Lock number are all significant. This
fundamental behavior can be demonstrated with the simple expressions for the
dimensionless control power derivatives in hover given in table 1. Since the
control power derivatives are symmetric in hover, only the response deriva-
tives for lateral cyclic pitch are considered. From table 1,

3(ao)-
CM - 1 C2

aOc M 161 + C2

D(a )-
L 1 CL 1 C (52)

c c 16 1 + C2

where

C - 8(P 2 - 1)
Y

The control power derivatives are wholly determined by the parameter C that
is determined by the flap frequency and Lock number. This parameter arises
from the definition of the dimensionless moment coefficients, CM and CL. The
dimensional hub moment is proportional to the product of blade flapping ampli-
tude and hinge spring stiffness K. The introduction of the dimensionless
coefficients then results in the above expressions with C defined in terms
of P and y. For a centrally hinged, rigid blade, C can also be written in
another form:
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TABLE 1.- SIMPLIFIED FORMULAS FOR RESPONSE DERIVATIVES; Dx/Dy.

x CT (ao)* (al) * (bl)

e (1 + p2) Y + 12) -(8/3)l[1 + C(y/16P 2 )] (8/3)p[C - (y/16P2 )]

0 6 8P 2  I + C2  1 + C2

_ y -(1 + 212) - (2/9)p 2 C(y/P 2 ) C[1 + (3/2)p 2 ] - (2/9)p 2 (y/P 2 )
s 4 6P2  1 + C2  1 + C2

0 0 0 C(1 + v2/2) 1

c 1 + C2  1 + C2

Sy -p 2[2 + (2/9)C(y/P 2 )] I2[2C- (2/9)(y/p2)]

c 4 6P 2  1 + C2  1 + C2

*Note that C = (C/8)ao, CM = -(C/16)al, and CL = -(C/16)b.



1 + K
p2 =

I 02
y

pacR4  (53)

y

8K
C=

pacQ 2 R4

This form of C shows that the blade root elastic restraint is the most sig-

nificant factor for the dimensionless hub moment derivatives. In addition,

the blade flapping inertia I has no influence on the hub moment derivatives

even though it influences both P and y. (Note in table 1 that blade inertia

(through y) influences blade coning deflections ao, which does affect the

control power derivatives in forward flight.)

The simple relations for pitch and roll moment derivatives with respect

to lateral cyclic pitch in hover (eq. (52)) are shown in figure 4. The
parametric variation of the pitch

and roll derivatives as a function

of C takes the form of a semi-

1/32.8 circle tangent to the origin with

= .6 2.0 a diameter of 1/16.

The phase, tan- (CL /CM )>
- '4.0
CLec between the pitch and roll deriva-

PHASE tives ranges from 00 to 900 as C

ranges from m to 0, respectively.

a The phase angle of the classical
o 1/32 1/16 articulated rotor without hinge

CM&c offset (P = 1, C = 0) is 900. For

a typical hingeless rotor with

Figure 4.- Moment derivatives with respect P = 1.15 and y = 8, C = 0.3225

to cyclic pitch in hover, and the phase angle is about 720.
For typical variations of P and

y, the phase angle varies from about 600 to 840. Any phase angle not equal to

00 or 900 introduces pitch-roll cross-coupling of the primary response deriva-

tives, and the amount of coupling depends on the particular configuration

parameters. Although this coupling is easily eliminated in hover by biasing

the control input phasing, additional phase variations and hence pitch-roll

coupling occur due to forward flight.

The magnitude of the hub moment response to cyclic pitch in hover

CM + CL is given by C/(16/1 + C2), which is the product of hinge

spring restraint (included in C) and the blade cyclic flapping amplitude
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1//1 + C2 (i.e., the spring rate times the deflection). An increase in rotor
flap frequency P produces opposite effects in these two components of the
hub moment expression. As P increases, the spring restraint is increased
but the blade deflection is consequently reduced. For low values of P, typi-
cal of most hingeless rotors, the effect of elastic restraint term is most
important and the cyclic blade deflection is only slightly reduced. For the
limiting case of the classical articulated rotor, P = 1, C = 0, the flapping
amplitude is maximum but the hub moment is zero. As P increases above 1,
the hub moment increases nearly in proportion to C until the flapping ampli-
tude begins to diminish significantly. For high values of P, the opposing
contributions cancel one another and the hub moment magnitude approaches a
constant value of 1/16 as P and C approach infinity. This is the limiting
case of a completely rigid rotor blade. For convenience, figure 5 is provided
to quickly estimate the parameter C and the magnitude and phase of the hover
control power derivatives for different combinations of P and y.

The general magnitude and phase response characteristics of the hub
moment control power derivatives in hover also hold for forward flight.
However, these characteristics are increasingly modified as the advance ratio

v increases. The contribution of the advance ratio terms is included in the
simplified rotor derivative expressions given in table 1. The v dependence
generally (except for the 6c derivatives) takes the form of two terms - one
due to v and another to coning. The latter term depends on both P and
the configuration parameters P and y. The thrust derivatives are independent
of the configuration parameters and are functions only of advance ratio. The
lateral cyclic (8c) derivatives exhibit a very weak dependence on advance
ratio, containing only higher-order terms in p. This is expected since
blade pitch angle changes due to ec are largest at the front and rear por-
tions (p = 00, 1800) of the rotor disk where the blade tangential velocity
Uy is independent of advance ratio.

Influence of System Parameters on Hingeless Rotor Response

The response characteristics for a typical hingeless rotor configuration,
presented graphically in figures 6 to 9, directly illustrate the influence of
the four main system parameters: advance ratio p, fundamental flap fre-
quency P, Lock number y, and pitch-flap coupling eqj. This concise presen-

tation of all 12 primary derivatives clearly shows the relative magnitude and
the parameter sensitivity of each derivative. The results in figures 6 to 9
are calculated numerically using the centrally hinged, rigid blade, with two
harmonics of flapping, and full reversed flow. This representation gives
reasonable accuracy for the range of parameters shown. The baseline configu-
ration and advance ratio are P = 1.15, y = 8, Oql = 0, erc = 0, B = 1.0, and
i = 0.6.

The variation of the derivatives as a function of advance ratio is
shown in figure 6; results from the simplified expressions in table 1 are
given by the dotted lines. The thrust derivatives are very sensitive to P
(except for the 8c derivative) and follow the simple formulas reasonably
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Figure 5.- Effect of P and y on moment response in hover.
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-- FULL REVERSED FLOW, 2 HARMONICS
--- SIMPLIFIED EXPRESSIONS, TABLE I

.4 - - .1

CT8 CL CM 0o

.2 -.05 .05

01 0 O

CTc CLeS CMOs

.2 - -.05 .05

0 - 0 - 0

.4 -. 1 -. 1
CTOc CLqc CMa c

.2 -.05 -.05

.4 _ -.1 .1
CTe CLC CMac

.2 -.05 .05

O .4 .8 0 .4 .8 0 .4 .8

Figure 6.- Effect of advance ratio on response derivatives; P = 1.15, y = 8,
061 = 0.

well. Since the thrust derivatives are not configuration-dependent, these

results are not essentially different from articulated rotor behavior. The

rolling moment response for collective pitch and angle of attack is relatively

low in magnitude and therefore lift-roll coupling is small. Cross-coupling

of pitch and roll control power increases substantially with advance ratio,

particularly for the longitudinal cyclic derivatives, CM sand CM e. The static

angle-of-attack stability CMa is considerable larger than would be expected

for an articulated rotor and tends to produce pitch-up divergence at high

forward speed.
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The most important hingeless rotor configuration parameter is the flap-
ping frequency. The sensitivity of the rotor derivatives to this parameter is

showninfigure7. For a centrally hinged articulated rotor, the flapping fre-
quency P is equal to unity. With typical hinge offsets of a few percent of the

blade radius, P increases to about 1.03. For typical hingeless rotor blades of
low flapwise stiffness, P ranges from about 1.08 to 1.15. For blades of high
flapwise stiffness P can be as high as 1.5. As noted above, the thrust

derivatives are insensitive to P but the magnitude and phase of the moment

derivatives are strongly influenced by P. When P is equal to zero, no hub

moments are generated in response to cyclic flapping. Four of the moment

derivatives become zero in the limit as P - -: CMeo, CMes, CLe , and CMac .

For intermediate values of P the varying magnitude and phase of the blade

flapping response produces a corresponding variation in the moment response
derivatives. For the typical configuration of P = 1.15 at p = 0.6, an
increase in P increases the pitching moment responses significantly. In

particular, the static pitch-up derivative CM c becomes more unstable as

.4 - -. 1 - .1-
CTo CL80  CM8,

.2 -.05 - .05-

0 0 ' 0

.2 -.05 .05

0 0 L L i 0

.4 -.1 --. I -
CTc  CLec CM

.2 - -.05 -.05 -

0 0 0

.4 - _ -. 1 - .1 -
CTac CL CMc

.2 - -.05 .05

0 L 0 0
1.0 1.4 1.8 1.0 1.4 1.8 1.0 1.4 1.8

P P P

Figure 7.- Effect of flap frequency on response derivatives; v = 0.6, y = 8,
eq = 0.
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P increases. For relatively large values of P (i.e., 1.3 to 1.4), the
pitching moment derivatives are generally large, with several approaching
asymptotic values. For p = 0.6, the roll moment coupling with collective,
longitudinal cyclic, and angle of attack is relatively small at the typical
value P = 1.15; but all these couplings increase significantly with P.

Trends for Lock number variations are shown in figure 8. Since Lock
number and flapping frequency are inversely related through the parameter C,
the results of figure 8 bear an inverse resemblance to the results for flap
frequency variation in figure 7. In other words, an increase in Lock number
has the same qualitative effect as a decrease in flap frequency. This effect
is clearly evident in the limiting behavior of the control power derivatives
as y 0 and P -+ . Lock number variations have a significant effect on the
derivatives. Note that parameters included in the definition of Lock number
are also used to normalize the derivatives. For example, a reduction in blade
chord c will reduce Lock number and increase the normalized control power
cross-coupling derivatives CLe and CM . However, the reduction in rotor

s c

.4 .-

.2 -05 .05

0 0 0

-. I .J
CT8  CLes CMe0

.2 -.05 - .05
0 0 0

.4 -.1 -.1
CTc CL e CM

.2 -.05 -. 05
O 0 O

.4 -.1 .1

CTc CLC CM

0I 0 0 O

CTac CLac OMac

.2 -.05 - .05

0 8 16 0 8 16 0 8 16
Y Y Y

Figure 8.- Effect of Lock number on response derivatives; p = 0.6, P = 1.15,
ql = 0.
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solidity 0 accounts for a significant part of the increase (since

C ) C /a).

The final parameter is pitch-flap coupling, 
0q - commonly used for

articulated rotors to reduce flapping sensitivity at high 
advance ratios. It

has a significant effect on the stability and control properties of 
the rotor,

primarily by modifying the effective flapping 
frequency. (The fundamental

flapping frequency P is defined only in terms of the inertial and 
stiffness

properties of the blade. The basic effects are shown in figure 9 with 
P

held constant.) Positive eql (also called negative delta-3) produces positive

blade pitch with increased flap deflection (i.e., statically destabilizing).

Negative 8q is statically stabilizing and reduces flapping 
and hence moment

response. It is evident that pitch-flap coupling can be a powerful 
design

parameter in modifying control power, cross-coupling, 
thrust sensitivity to

angle-of-attack changes, and pitch-up instability.

.4 - -.1 .1

Tao  CLe 0  CM0

.2 -.05 .05

0 0 0

.4 -.1 .1

OTes CL9S  CMOs

.2 -.05 .05

0 0 0

.4 -.1 - .1

CTC CL CM4

.2 -.05 -.05

0 0 0

.4 -. 1 .1

CTac CLac CM0

.2 -.05 .05

-I 0 .6 - 0 .6 - 0 .6

eq eq,  ql41

Figure 9.- Effect of pitch-flap coupling on response derivatives; 
i = 0.6,

P = 1.15, y = 8.
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SENSITIVITY TO THE MATHEMATICAL MODEL

The basic properties of hingeless rotor flapping response are described
in the previous section. The sensitivity of these results to various approxi-
mations of the mathematical model is now examined. The approximations are
organized into three basic groups: numerical, aerodynamic, and structural.

Several forms of the blade root moment CS are chosen as a basis for
comparing the different approximations. The blade root moment provides a
common basis for comparison for different representations of the hingeless
rotor. For a centrally hinged, spring restrained blade, the root moment of
the blade is directly proportional to the flapping angle. For a centrally
hinged blade, therefore, the'root moment, flapping angle, and tip deflection
parameters are equally meaningful. For a flexible blade, there is no general
relation between root moment and tip deflection, and a flapping angle cannot
be uniquely defined. The root moment, however, can be uniquely defined for
all hingeless rotor models; and it provides a common basis for comparing the
various mathematical models of either rigid or elastic blades.

The blade collective pitch angle eo is chosen as the independent
generalized control variable. The collective pitch is a basic control vari-
able and is appropriate for the present purpose. Therefore, derivatives of
the type 3( )S/a30o (which form the first column of [OS]) are considered. In

particular, results are presented in terms of the zeroth, the first, and the
second harmonics of CS. For convenience, they are presented in the following
forms: First, the zeroth harmonic blade root moment derivative is presented.
(This derivative is also an indication of blade coning.) In compact form, it
is written as:

a3(ao)-
CSCS = - (54a)

o aeo

Next, the zeroth harmonics of the rotor pitch moment and roll moment deriva-
tives (in the nonrotating coordinate system) are presented. These derivatives,
directly proportional to the first sine and cosine components of the blade
root moment in the rotating coordinate system, are written in compact form as:

@(ao) D(b)
- a()CL 1 CS
CLa o 0 6 2 a 3 (54b)

o o

M (ao) _ 1 3(a )USa C 1 aCS
CM6o .0 (54c)

a0 2 a0

Finally, the combined magnitude of the second harmonic (sine and cosine) of
the blade root moment derivative is presented. The compact notation for this
magnitude is
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_ C

S260 36 +[ (54d)

A typical hingeless rotor configuration is used as 
a baseline for com-

parisons: P = 1.15, y=4, B=0.97, erc = 0, q = 0, N = 3, and IN=32 with

full reversed flow. For the comparisons of numerical and aerodynamic approxi-

mations, a centrally hinged, rigid blade representation is used. For the

structural comparisons, a uniform elastic blade representation is used. When

the elastic blade model is used with rotating mode shapes as modal functions,

the eigenvalues of the equations (with y = 0) correspond exactly to the

natural frequencies of the modeled blade (in a vacuum). When the modal func-

tions are not chosen to be the rotating modes, however, the eigenvalues of

the equations only approach the blade frequencies as the number of modal

coordinates increases. To discriminate between elastic mode shape effects and

flap frequency effects, the similarity parameter EI/mQ2R4 is therefore

chosen so that the first eigenvalue of the equations corresponds to the

desired flap frequency P.

Numerical Approximations

Harmonic number- The coefficients and the aerodynamic forcing functions

in the equations of motion are periodic functions of the independent variable

*, the azimuth angle. In the harmonic balance method, these functions are

expanded in Fourier series. Since the functions are not analytic, an exact

Fourier representation is not possible and they must be approximated by

truncated Fourier series. One of the modeling parameters in a rotor response

analysis is therefore the number of harmonics, N, retained in the Fourier

analysis.

Although previous investigators considered only one or two harmonics, the

accuracy of this Fourier truncation has not been systematically examined.

Figure 10 represents the effects of this truncation. For CSeo, one harmonic

is adequate up to p = 1.0; two harmonics are required for higher advance

ratios. For the rotor pitch and roll hub moments CMeo and CL0 o, however, one

harmonic is adequate only to p = 0.4; two harmonics are adequate up to

P = 1.0 and three harmonics are required for higher advance ratios. This is

not surprising since the zeroth harmonics of the hub moments are proportional

to the first harmonics of the blade root moment. As might be expected, the

effects of Fourier truncation are more pronounced for the higher harmonic

responses. Further evidence is given by the second harmonic root moment where

one harmonic is adequate only up to p = 0.2, two harmonics are adequate up to

P = 0.8, and three harmonics are required for higher advance ratios. Investi-

gations using up to 15 harmonics for advance ratios up to 3.5 (including

collective and cyclic pitch derivatives) indicate the following general con-

clusions. For the nth harmonic of response derivatives in the rotating

reference frame (i.e., blade deformations, root shears, root moments, and
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Figure 10.- Effect of number of harmonics on response of rigid hinged blade;
e = 0, erc = 0, B = 0.97, p = 1.15, y = 4, 6ql = 0.

rotor thrust), n harmonics are required for p < 0.4, n + 1 harmonics are
required for 0.4 < p < 1.0, and n + 2 harmonics are required for p > 1.0.
For response derivatives in the nonrotating system (i.e., rotor pitch and roll
hub moments), n + 1, n + 2, and n + 3 harmonics are required for p < 0.4,
0.4 < P < 1.0, and p > 1.0, respettively. Of course, for individual deriva-
tives under special assumptions, fewer harmonics may sometimes be adequate;
but, in general, the above requirements are necessary to ensure reasonable
accuracy.

Azimuth increment- In obtaining the Fourier components of the equation
coefficients, the integrals in equation (30) are numerically evaluated using
a finite number (IN) of azimuthal increments. The number of increments can
influence the results. Figure 11 illustrates the effect of the number of azi-
muthal increments. A reduction from 32 to 12 increments seems to have little
effect on the derivatives calculated with three harmonics. The change from
12 to 7 increments, however, has a significant effect. In general, although
only 2N + 1 azimuthal increments are required to define N Fourier coeffi-
cients, the higher harmonics of the response derivatives may be in error if
additional increments are not taken. It is preferable to use twice the
required minimum number of increments. For example, for the derivative
8(a2)CS/80o  at p < 1.0, it is advisable that N = 3 and IN = 14.
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Figure 11.- Effect of number of azimuthal increments on response of rigid
hinged blade; er= 0, erc = 0, B = 0.97, P = 1.15, y = 4, 6ql = 0.

Aerodynamic Approximations

Compressibility--When the blade chord and lift-curve slope vary with
radius and azimuth, an average Lock number y is defined and the radial and
azimuthal variations in y are accounted for by the parameter s(r,*). For
example, the Prandtl-Glauert compressibility correction gives a variation in
lift-curve slope:

sgn(U )
s = (55)

/1 - M2 (r, )

where M is the local blade section Mach number. Figure 12 gives response
derivatives for three cases: first, with no compressibility correction
s = +1; second, with s determined by the Mach number at r = 3/4, P = 0;
and, third, with the full radial and azimuthal variation for M and s. In
each case, the Mach number at r = 1.0 and 9 = 900 is maintained at 0.9 for

all advance ratios. Completely neglecting compressibility results in con-
siderable error. In hover, the correction using the Mach number at r = 3/4
gives accurate results, but is increasingly in error as advance ratio
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Figure 12.- Effect of compressibility on response of rigid hinged blade;

advancing tip Mach number = 0.9, e = 0, erc = 0, B = 0.97, P = 1.15,
y = 4, 6ql = 0.

increases (especially for the higher harmonics of the response). For pitch

and roll hub moments at moderate advance ratio and high Mach number, the

azimuthal variation of Mach number is required.

Reversed flow assumptions- When a rotor is in forward flight, certain

portions of the rotor disk will experience reversed flow. That is, during

some portion of the azimuthal sweep, some or all radial positions will

encounter airflow directed toward the trailing edge of the blade. This phe-

nomenon can cause localized blade stall or reversed lift forces. For very low

advance ratios, this effect is usually ignored. However, at higher advance

ratios it must be considered. Figure 13 compares three cases: (1) assuming

no reversed flow (s = 1), which implies that the direction of the lift force

is not reversed when the relative fluid velocity is directed toward the blade

trailing edge; (2) neglecting lift for reversed flow (s = 1, s = 0), which

implies that all lift is lost when the relative velocity reverses; and (3)

full reversed flow (s = +1), which implies that the direction of the lift

force reverses when the relative velocity reverses. For advance ratios less

than 0.6, results for the three cases are nearly identical, but above this

advance ratio large differences exist. With no reversed flow, the response
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Figure 13.- Effect of reversed flow on response of rigid hinged blade; e = 0,
erc= 0, B = 0.97, P = 1.15, y = 4, eql = 0.

derivatives become infinite at an advance ratio of about 1.4. This "instabil-
ity" is solely a result of neglecting reversed flow and does not appear when
full reversed flow is considered. For an advance ratio greater than 0.6, full
reversed flow is required.

Tip Zoss and root cutout- The parameter s can also be used to account
for losses of lift at the blade tip and root. These effects are treated by
setting s equal to zero where the blade is assumed to develop no lift:

s = 0 for: r > B , r < e (56)

The tip loss factor B accounts for the finite aspect ratio of a rotor blade
by neglecting the lift beyond some radial station near the tip. Actually, the
tip loss factor is not an independent parameter and can be entirely accounted
for by redefining R in the dimensionless coefficients. However, the tip
loss factor is usually treated as an independent parameter and this practice
is followed here. Figure 14 shows that tip loss is significant for all rotor
harmonics, even at low advance ratios.

Rotor blades also lose lift because of incomplete airfoil sections near
the blade root. Although root cutout is often neglected because of the low
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Figure 14.- Effect of tip loss factor on response of rigid hinged blade;
e = 0, erc = 0, P = 1.15, y = 4, Oql = 0.

dynamic pressure near the root (and because of the small area affected), it
nevertheless affects rotor response at high advance ratios. Figure 15 shows
the effect of root cutout. For u < 1.0, root cutout has a small, although
noticeable, effect. At higher advance ratios, the effect becomes more pro-
nounced and should not be ignored.

Structural Approximations

Mode shape- The bending mode shapes of a flexible rotor blade are func-
tions of bending stiffness distribution EI, mass distribution m, and rotor
angular velocity P. Figure 16 illustrates the variation of the first bending
mode shape for a uniform cantilever blade as the similarity parameter
EI/mQ2R4 varies from 0 to -. For small values of El or large values of Q,
the mode shape approaches a straight line, and the rotating frequency P
approaches unity. Conversely, for large values of El and small values of
0, the mode shape approaches the nonrotating beam mode shape and P
approaches .

The blade mode shape influences the flapping response by determining the
aerodynamic, inertial, and elastic integrals that define the coefficients of
the equations of motion. The aerodynamic loading in particular depends
directly on the amplitude and slope of the mode shape (eq. (26)). Therefore,
when a single modal function j is used to calculate response derivatives,
the choice of that modal function can significantly affect the results.
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Figure 15.- Effect of root cutout on response of rigid hinged blade; e = 0,

B = 0.97, P = 1.15, y 4, Oq = 0.
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Figure 16.- First bending mode shapes for a uniform cantilever blade.
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Figure 17 compares three different single-mode results over a range of
flap frequencies from P = 1.0 to 1.8 and v = 1.0. The first result uses the
first rotating mode shape (at each value of P) for the modal function. The
second result is calculated using the nonrotating mode shape at all values of
P. The proper rotating frequency is maintained by varying the similarity
parameter EI/mQ 2R4 appropriately. The third result is calculated using the
straight line mode shape of a rigid, hinged blade with offset e = 0.25. This
offset gives a good approximation for the nonrotating mode. For this case, KB
is varied to obtain the appropriate rotating frequency. (At P values below
1.09 and 1.22, respectively, the second and third cases require negative
values of EI or Ks.) The figures clearly show that the two approximations
are adequate for P > 1.50. At low values of P where the actual mode shape
approaches a straight line passing through the axis of rotation, the
nonrotating

I ROTATING MODE
I NONROTATING MODE
RIGID BLADE, e= 0.25
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.05 7j .05 /
O I I I 0 I I I

-. 16 - .16-

-. 04 '7 .04 /0 0 J

.04 -.04 f.04 I I I -.04 I I I
1.0 1.2 1.4 1.6 1.8 1.0 1.2 1.4 1.6 1.8

P P

Figure 17.- Effect of mode shape on response of uniform blade as a function of
flap frequency; erc = 0.25, B = 0.97, p = 1.0, y = 4, eql 0.
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approximations are much less accurate, although the offset hinged, rigid

blade would give good results for low P if the offset e were varied as a

function of P.

In figure 18, the same comparison is given for various values of p at

P = 1.15. At advance ratios below 0.4, there is little difference between

the results. At higher advance ratios, however, there are large differences

between the three modal representations. In figure 19, the differences

between modal assumptions are examined in more detail. For the first curve,

the nonrotating mode shape is used as the modal function in the aerodynamic

and inertial integrals. For the second curve, the straight line mode shape

with offset is used as the modal function in the aerodynamic and inertial

integrals. For the third curve, the nonrotating mode shape is used 
in the

inertial integrals and the straight line mode shape is used for the aero-

dynamic integrals. This figure shows that the major effect of mode shape

results from the aerodynamic integrals rather than the inertial integrals

because the first derivative of the mode shape ( j') strongly influences the

periodic terms in D j, Qij, and Wj. The mode shape, therefore, must be

modeled closely for slope as well as for deflection.

I ROTATING MODE
I NONROTATING MODE
RIGID BLADE, e= 0.25
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Figure 18.- Effect of mode shape on response of uniform blade as a function of

advance ratio; erc = 0.25, B = 0.97, P = 1.15, y = 4, eql = 0,
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Figure 19.- Relative importance of inertial and aerodynamic contributions to
the response of uniform blade; B = 0.97, erc = 0.25, P = 1.15, y = 4,
Oq = 0.

Number of modes- Because of the periodic nature of the aerodynamic terms
in the blade equations, even the rotor response to steady control inputs is
time-varying. This implies that no single mode shape can completely represent
the blade motion at all azimuths. Mathematically, this phenomenon can be
attributed to the fact that steady control inputs produce unsteady aerodynamic
blade forces at integer multiple frequencies of the rotor speed. Thus, any
higher modes with frequencies in the range of aerodynamic excitation will con-
tribute to the rotor response. In addition, even the exact rotating mode
shapes (which represent uncoupled degrees of freedom for a rotor in a vacuum)
become coupled in the rotor equations because of the aerodynamic terms. It
follows that, when the higher-order modes participate in the response, they do
more than merely superpose their own contributions. The higher modes actually
couple with the first mode, altering its response as well.

Figure 20 compares results calculated using as many as four rotating
modes. Below an advance ratio of 0.6, the higher modes are not important. As
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Figure 20.- Effect of number of modal coordinates on response of uniform

blade, rotating modes; B = 0.97, erc = 0, P = 1.15 y = 4, eq1 = 0.

the advance ratio is increased, however, the second and third modes begin to
influence the response. For any given advance ratio, however, the solution
converges as the number of modes becomes large. The two-mode solution is a
good approximation up to p = 1.2, and the three-mode solution is accurate to
P = 1.6. Convergence for blades with arbitrary mass and stiffness distribu-
tions is not as easily generalized and will depend on the proximity of the
higher blade frequencies to the integer multiple aerodynamic forcing
frequencies.

Nonrotating modes-- Although the use of the exact rotating modes is
desirable for rapid convergence, the use of such modes can be inconvenient
and cumbersome for practical use. When the uncoupled rotating modes are used
as modal functions, a different set of mode shapes must be used at every value
of P (or rotor speed) for which the response is desired. This means that
many preliminary calculations must be performed for a range of P values
before the response derivatives can be determined. This problem may be cir-
cumvented by use of a convenient set of linearly independent functions as
modal functions for all values of P. Although these functions must neces-
sarily be highly coupled over part of the P range (so that an eigenvalue
problem must still be solved to determine the exact value of P), they
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nevertheless have the advantage of being independent of the rotor operating
condition.

A convenient choice for such modal functions is the set of nonrotating
mode shapes for a uniform beam. The nonrotating modes have the advantage of
being the limiting case of the uniform rotating modes as P + -. In figure 21,
response derivatives are presented using one, two, and three nonrotating
modes as modal functions, together with the result using four rotating modes
from figure 20. As previously noted, a single nonrotating mode as a modal
function is only valid up to p = 0.4. The two-mode solution, however, is
somewhat better and is accurate up to v = 0.8. The three-mode solution
gives excellent results up to p = 1.4. Therefore, although the nonrotating
modes converge more slowly to the proper solution than do the rotating modes,
they converge rapidly enough to make them of practical use.

4 ROTATING MODES
--- 3 NONROTATING MODES

.3 : 2 .3 -

CS o  Co.0
S.2 o I

.12 i .12 /
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AL k.

Figure 21.- Effect of number of modal coordinates on response of uniform
blades, nonrotating modes; B = 0.97, erc = 0, P = 1.15, y = 4, eql = 0.

CONCLUDING REMARKS

In this report, the linear equations of motion for the flapping response
of an elastic rotor blade in forward flight were derived, and a generalized
harmonic balance method for solving these equations was formulated. The basic

response characteristics of the hingeless rotor were examined in terms of the
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main system parameters and the sensitivity of the derivatives to the
mathematical model was investigated. Comprehensive figures and tables were
presented in an appendix to facilitate rapid estimation of twelve hingeless
rotor derivatives.

The use of a simplified mathematical model for this study was discussed
in detail. The main purpose was to simplify the problem in order to permit
investigation of the fundamental behavior of a wide variety of hingeless rotor
configurations. Therefore, it is pertinent to review the assumptions of the
mathematical model. Only flap bending deflections were considered. Torsion
and lead-lag bending were not included. Linear quasisteady aerodynamics were
used, without stall or nonuniform downwash. These assumptions are satisfac-
tory for the purposes stated previously. Refinements to the mathematical
model (treated in appendix A) include unsteady aerodynamics, rotor hub
motions, and nonuniform downwash.

It is appropriate to review a few of the findings regarding basic hinge-
less rotor response. The simplest behavior is evident in the control power
derivatives in hover. Depending only on the parameter C = 8(P2 - l)/y (for
a rigid blade without hinge offset), the magnitude and phase of the dimension-
less response to cyclic pitch vary from 0 to 1/16.and 900 to 00, respectively,
as C varies from 0 to -. Simplified closed-form expressions for the
derivatives in forward flight were given and are valid for low advance ratios.
At low advance ratios, the basic behavior is little different from that
exhibited in hover. The derivatives are quite sensitive to flap frequency.
For hingeless rotors with moderate values of P, large pitch and roll coupling
can exist and static angle-of-attack instability can be pronounced. However,
these undesirable properties can be minimized by proper selection of the
basic configuration properties (including pitch-flap coupling).

The hingeless rotor flapping response was found to be sensitive to the
mathematical modeling in the following respects. For p > 0.4, the number of
harmonics retained in the analysis should be larger by 2 than the highest
response harmonic of interest, and the number of azimuthal points chosen to
define the harmonic coefficients should be twice the minimum number (2N + 1)
needed to define N harmonic coefficients.

The radial and azimuthal variations of compressibility were found to be
important for an advancing tip Mach number of 0.9. Reversed flow effects may
be neglected below V = 0.6; however, they are very important for higher
advance ratios. The tip loss factor is important for all advance ratios, but
root cutout is only important above p = 1.0.

For uniform stiffness rotor blades, at t = 0.8, mode shape effects are
unimportant above P = 1.5, but approximate mode shapes are increasingly
inaccurate as P is reduced. For P = 1.15, approximate mode shapes are
accurate below p = 0.4, but accurate modes are required for higher v. The
effect of mode shape approximations was found to influence mainly the aero-
dynamic forces. The rigid, hinged, spring-restrained blade approximation is
only useful for low advance ratios. If possible, elastic cantilever modes
should be used.
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The second and higher elastic bending modes are unimportant below
= 0.6. Two modes and three modes are adequate up to v = 1.2 and 1.6,

respectively. Approximate nonrotating modes were found to be useful and
accurate. One, two, and three nonrotating modes were adequate up to p = 0.4,
0.8, and 1.4, respectively.

Ames Research Center
National Aeronautics and Space Administration

and

Army Air Mobility R&D Laboratory
Moffett Field, Calif. 94035, Sept. 18, 1974
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APPENDIX A

EXTENSIONS OF THE BLADE FLAPPING EQUATIONS

The blade flapping equations given by equation (29) are sufficient to

determine basic steady-state rotor response derivatives. However, these equa-
tions may be easily extended to incorporate unsteady airfoil aerodynamics,

induced downwash (steady and unsteady), rotor hub motion, built-in blade pre-

shape, and unsteady harmonic control excitations. The extended equations can

also be solved by the generalized harmonic balance method.

The additional effects considered in this appendix can be significant if

a more thorough treatment of hingeless rotor response is required, including,
for example, downwash aerodynamics, rotor shaft angular rate derivatives, and

dynamic response of rotors. A detailed treatment and discussion of the behav-

ior of the extended equations is beyond the scope of this report; however, it

is not difficult to include the equations as a convenient addition to the

basic development. Results using the equations in this appendix are available,

however, in references 7 and 20.

Unsteady Hub Motions

The Lagrangian of a rotating beam performing roll (as), pitch (ac), and

plunge (z) motions at the hub is given by

R da da

JL= m - r + -r cos - r sin
L 2 dt dtt

1 w dz s d c - mgw
+ 2 m dt dt r sin d r cos - mgw

-2 t 2 r ar Kd

- - (EI)y-) - -T w + d - r=E (Al)

which is identical to equation (1) except for the addition of roll rate

(das/dt), pitch rate (dac/dt), plunge rate (dz/dt),built-in blade preshape (wo),

and local acceleration of gravity (g). (The blade deformation w is defined

as the displacement with respect to wo  so that the blade vertical position

is w + wo.) Correspondingly, the left-hand side of equation (2) will take on

the additional terms:
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Rr + d2  
s da d 2 c

d2z + m d r sin + 2mdt r cos J + m - r cos 
dt2 dt2 dt dt dt2

da d dw /dw\ R
- 2m -dt r sin ' - mg + _r - Jdr 6w - T 0 6wR (A2)

and the right-hand side of equation (7) will contain the additional forcing
functions:IR dz d2  da d2

Rf m -g + -- + d r sin 9 + 2 -Or cos + c r cos P
dt2  dt2 dt dt2

da c fC R d4 d2'p R
- 2 c Gr sin m dr - r2R2 - mn dn dr q

E r

- 22R2 idr r mn dn q (A3a)

where 4o and qo represent the built-in blade preshape:

wo = R0 qo  (A3b)

With the additional definitions,

Sg z g - a gc = -2 -9o 2R R s c s c

1 1 1
SacR m dr , S mr dr , m m 2 dr -

0 0 0
1 1 1o

yo pacR f o r oi ,pacR fI' 0 m d dr
0 e r

(A4)

the blade flapping equations (eq. 8) become
J 1

E [mij.. + (Pij + K.ij)qj] =  4f i dr + Poi q - S.ig

j=1 e

- myi(g s sin ' + gc cos ), i = 1, J

(AS)
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Similarly, the shear and moment equations (eq. 13a) become

J 1

S= - Sqj + f dr - mgo - Sy(g s sin i + gc cos )

j=1 
0

J 1

CS = - my (qj + q) +  r dr - Syg - m yy(gs sin p + g cos

j=1  0

- m q
yo o

(A6)

Unsteady Aerodynamics

The effects of classical, two-dimensional, unsteady aerodynamics 
can be

included in equation (22) by simply assigning to the three angle-of-attack

components three individual complex parameters se(r,*), su(r,P), and sw(r,p)

in place of s(r,). These parameters will depend on the reduced frequency

k. The aerodynamic loading in equation (22) becomes

F =pac s (U 2 u yL) - sw (Uy dI)] (A7)

where Uz  Uz - (dw/dt). One example of expressions for s may be obtained

from Theodorsen's theory, reference 21. From that theory,

= - C(k) + k2  c + ik -+ C(k) - 2

(A8)

s - C(k) s = C(k) + --
u c w c 2

where eac is the aerodynamic offset (which may be different for regions of

forward and reversed flow), k is the local reduced frequency Qc(w ± n)/2Uy,

and C(k) is the Theodorsen function. (More exact formulations for s can be

treated in a similar manner.) This makes so, su , sW  complex functions of

r, p, the frequency of the excitation w, and the harmonic number n. Further-

more, equation (A8) must include a superposition of all 
harmonics of the blade

motion. The generalized harmonic balance method developed in appendix B pro-

vides the proper value of reduced frequency k to be used for each superposed

harmonic in the equations.

The effects of unsteady hub motion, and blade preshape can be included 
in

equation (25) by writing more complete expressions for 6 and Uz. Specifi-

cally, blade twist can be added to the blade pitch angle 0 in equation (24).
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6twist = OtPt(r) (A9a)

where Pt is an arbitrary pretwist shape (e.g., for linear twist

Pt = r - 3/4) and Ot  is the magnitude of the pretwist. The velocity Uz is
also generalized to include the effects of induced inflow velocity v, plunge,
pitch, roll, and blade preshape wo .

S +U i- +V + -dwCos'dw - dw dw o
z dt z dt z xd dr

Tdc d
da dt

dw dz s c
d- +  - ad r sin T - r cos 9 - V sin(a c )dt dt dt dt

+ V os (c)cos (A9b)

Equation (25) therefore becomes

= (r + p sin ?)2 [ + s sin ' + 0c cos ' + Pt t(r)

J r " s J 

+ e qjqj - su(r + p sin ') (r,) + p cos j'q

j=1 j=1

J

- s (r + v sin P) jqj (AlOa)

j=1

where

V cos (a )
OR (A10b)

v(r,') - (dz/dt) - V sin a
m c

X(r,'P) -

- a r sin ' - &r cos p (AlOc)
s c

Final Equations

Although equation (A10) is in a readily usable form, a few additional def-

initions render it more tractable for use in the blade equations. First, the

inflow distribution is expressed as an expansion in functions of r and ':
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X(r,*) = x oP(r) + [XnsP n(r)sin(n2)

n=1

+ X P (r)cos(n )] (All)
nc 2n+1

Second, a new set of generalized control variables ek  is defined with

K = 9 + 21:

01E , 0 , 03 - e 4 E @t ' ,5 
- qo ' 6 o ' 7 gs

0 ' 2 Os C 0 0

68 g 0 = . , 0 - . , i = 1, I
c q o 8+2i is q+2i ic

(A12)

Third, several new V functions are defined for equation (28):

V4 VIP t (r)

V5 cos() + P2 sin(2)
V5 2 4 r)

V6 - V 7 = V8 = 0 (A13)

V q -j + p sn)] cos(jP) , j = 0, I
q+23 j 2 2j+1

S r +I sin() sin(jp) , j = 1, I

The resultant form of the forcing function becomes

J 4 9+21

F = [-SwV su K(VKj  + 6 .V)q] + E Vii + S Vi

j=1 i=1 i=5

(A14)
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Equation (30) may then be extended by

C
D.. = d-13 J w C , 3

e

K
D. = s V dr

e

1
A

Dij = Oq (r)s 0 Vi dr

e

D. sV. i dr , j = 1, 4

ij =

V -
Di5 = s V. r -P

D = -m . sin
i7 yl

(A15)
V

Di = -my i cos i

D = sV. dr, j q, q + 2I

e

Q = s wVC jr dr

e

KQ = s V 'r dr

e

1

QA = qj (r)s@Vjr dr

0

(Continued)
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1

Q = s e j  dr , j = 1, 4

0

1

Q5 = f sV 5r dr - myo

0

Q6v = -Sy

Q7v = -m sin*
YY

Q8 = -m cos
YY

QV = f sVr dr , j = 9, 9 + 21 (A15)

e

W1K suV K ' dr

J uKj
e

1
A 0W = eqj (r)soVI dr

0

1
W = f seVi dr, j = 1, 4

(Continued)

56



V -
W6 = -M

W7V = -S sin i
y

V (A15)W8 = -S cos JS)
y

1

WV = f s V. dr , j = 5, j = 9, 9 + 21

0

The resultant extended equations are identical in form to equations (29)
except that the definitions for D, Q, and W are given by equation (A15).

Analysis

The formal solution to the unsteady flapping equations is obtained in a
manner similar to that for the steady equations. Equation (36) is altered by
the addition of a harmonic modulation of the forcing functions and Floquet's
theorem still applies:

x - I -n= tUleiw (A16)

The solution for the qj follows along the same line as equations (37) to
(39):

2J +N +N Ai (m+n+w)ip

qj = E E E wjkn I j = I, J (AI7)

m=1 k=-N n=-N m

Therefore, Floquet theory establishes the existence of a solution to the
unsteady flapping equations of the form

qJ =n (an)qj cos(n) + (bn)qj sin(nip]eii (A18)

The an and bn terms are, in this case, complex quantities that indicate the
magnitude and phase of each harmonic of the response. The harmonic balance
procedures developed in appendix B include the case of the harmonic modulation
eiw so that the unsteady equations may also be solved by the harmonic
balance method.
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APPENDIX B

FOURIER OPERATIONS

As noted previously, the harmonic balance method quickly becomes cumber-
some when several harmonics of the response or several degrees of freedom are
treated for linear systems with periodic coefficient equations. This occurs
because a large number of linear algebraic equations must be formed, and the
coefficients of these equations depend, in a complicated manner, on the har-
monics of the coefficients and on the number and type of the generalized
coordinates. Practical numerical computations for solving these equations
depend on an efficient method of obtaining the harmonic balance equations
(such as the generalized matrix formulation described previously). To provide
a complete development of the method, this appendix includes details of three
of the basic elements of the generalized harmonic balance method of this
report. The first concerns the formulation of several basic matrix operators
from the definition of the Fourier series. The second is a matrix formulation
for multiplying two Fourier series one of which has unknown coefficients. Thethird is a matrix formulation for multiplying two Fourier series having
frequency-dependent coefficients.

Linear Operations

Basic identities- Given a function f(*) periodic with 27, the follow-
ing coefficients are defined:

(an)fl f(i)cos(np)d , n = , (Bla)

2w
(bn)f = - f()sin(n*)d* , n = 1, (Blb)

0

21
(ao)f- I f(,)d* (Blc)

0

(bo) f = 0 
(Bld)

f,n = ( f -2 ibn)f, n = 1, = (Ble)

(an)f + i(bn)f
f,-n = - , n = 1, o (Blf)
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f,O = (ao) f (Bg)

It follows from equations (BI) (ref. 22) that

f() = E (an)f cos(np) + (bn)f sin(n) = f,n e i n  (Blh)

n=0 n=-c

The terms (an)f and (bn)f are called the Fourier coefficients of f(i), and
the terms f,n are called the complex Fourier coefficients of f.

There is also an interesting summation relation that has important appli-
cations in periodic systems with multiple, time-lagging components; that is,
if there are b components at equally spaced intervals in the period

=  + (k - )

then the following identities hold:

b (0 if n is not an integer multiple of b
E - cos(nk) = (B2a)
k=1 cos(n il) if n is an integer multiple of b

b (0 if n is not an integer multiple of b
1 sin(nO) = (B2b)

k=1 sin(nl1 ) if n is an integer multiple of b

Phase change- It is often useful to be able to express the Fourier series
of f(p + A) as a function of the Fourier series for f(p). In particular,
if f( ) is expressed as a truncated Fourier series

N

f($) = (an)f cos(n4) + (bn)f sin(nP) (B3)
n=0

then the objective is to be able to express g() = f(* + A) as

N

g() = E (an)g cos(nP) + (bn)g sin(n) (B4)
n=0

where (an) and (bn)g are functions of (an) and (bn)f . Applying the defini-

tion of g(p) to equation (B3) implies that
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N

g(4) = (an) f cos[n( + A)] + (bn)f sin[n( + A)]
n=O

N

E2 [(an)f cos(nA) + (bl)f sin(nA)]cos(np)
n=O

+ [- (an)f sin(nA) + (bn)f cos(nA)]sin(np) (BS)

A comparison of equations (B4) and (BS) shows that

(an)g = (an)f cos(nA) + (bn)f sin(nA)

(bn)g = -(an)f sin(nA) + (bn)f cos(nA)

which, in matrix form, yields the basic identity:

ean}g =  [1 (A)] an (B6a)

where

1 0

cos(A) sin(A)

cos(NA) sin(NA)
[ (A) = (B6b)

0 1

-sin(A) cos(A)

-sin (NA) cos(NA)

The matrix [fl] is an order 2(N+1) phase shift matrix. It can easily be
seen from its structure that
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[O(Al + A2 )] = [P(AI)] [D(A2)] = [(A2) [W(A0)]

Derivative- It is also necessary to be able to express the Fourier series

of the derivative of a function f(*) in terms of the Fourier series of the

original function f(*); that is, if

N
df = (an)f cos(n) + (bn)" sin(n) (B7)

n=0

then the task is to determine (an) and (bn)* as functions of (an)f and

(bn)f. Applying the definition of f to equation (B3) implies that

N

f= -n(an)f sin(np) + n(bn)f cos(np) (B8)

n=0

A comparison of equations (B7) and (B8) yields

(an)f = n(bn)f

(bn)f = -n(an)f

which, in matrix form, is

an [[]]Il (B9a)

where 
bn bn

0

1

0

N

[01 =0 (B9b)

-1

0

-N
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From equations (B9a,b), it can be inferred that the Kth derivative

K
of f(p), f(*), has Fourier coefficients given by

n an

S= 0[ K ] a(BlOa)
ny bnf

where

[OK]= []K (BlOb)

It is easily shown that [E]K has the simple form

1 01

00 0

N
K  N

K

10 01

-N
K  -NK

K = 0, 4, 8, . . K = i 5, 9, .

[CK]= (BlOc)

o o

o o

-NK  -N

0 0
-1 1

0 I 0

-NK NK

K = 2, 6, 10, . . . K = 3, 7, 11,
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When f(p) is modulated by the harmonic function ei,

N

f(P) = [(an)f cos(n,) + (bn)f sin(n)]e
iw

n=O

then f becomes

f(il) = [n(bn)f + iw(an)f]cos(nP) + [-n(an)f + iw(bn)f]sin(n*) ei

n=0

The derivative rule of equation (BO1) can be generalized, in this case, to

bn K +
= iI 2(N+1) K ban

f

Product of Two Series

Problem statement- A central element in the generalized harmonic balance
method is the multiplication of two Fourier series in symbolic form, to yield
the Fourier series of the product as a matrix function of the two original
Fourier series coefficients including the case when one of the original
series is unknown. In other words, given two Fourier series expansions,

N

f(P) = E ak cos(k*) + bk sin(k*) (Blla)

k=0

N

g() = Aj cos(j ) + Bj sin(jp) (Bllb)

j=0

and the product expansion,

N

h(O) = g(t)f() = an cos(n) + an sin(n*) (Bllc)

n=0

it is desired to find an and n as functions of ak, bk, Aj, and Bj.
Applying the definition of h(p) gives the Fourier product:
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N N

h() = Aja k cos(jp)cos(kp) + Ajb k cos(j )sin(k )

j=o k=o

+ Bjak sin(j )cos(kp) + Bjbk sin(j4)sin(k )

Use of the basic trigonometric identities yields

N N

h(1) = [A ak  jbk]cos[( j + k)] + [ + [.a + B b k]cos[(j - k)P]

j=o k=o

+ [B ak + A bk]sin[( j + k)f] + [Bjak - Ajbk]sin[(j - k)f] (Blld)

The terms with equal P multipliers must be isolated so that an and 8n may
be found; that is, for each value of n (n = 0, N), the values of j and k
must be found so that j + k = n, j - k = n, or k - j = n.

Matrix definitions- The first matrices to be defined are square triangular
matrices defined as simple functions of a column array xk, k = 0, N:

xo 0 0 0 0

xl x O 0 0 0

X0 x2 Xl x0  0 0

xN XN- 1  XN-2  X 1  X0

XO  X1  X2  XN_1  XN

X1  X2  x 3  XN 0 (B12)

0 2 X3 x4 0 0

xN 0 0 . . . 0

x0 0 . . . O
T

, [x ] 0 . . .

0 0 64
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If the rows and columns of these matrices are ordered row number = n(0,N)
column number = j(0,N), and if the subscript of x is called k, it follows

that for all nonzero elements of 1 , j + k = n; of [x, , k - j = n;

and of O[] , j - k = n. Thus, these matrices are important in combining

like terms of a Fourier product.

If the properties of the triangular matrices are applied to equation
(Blld), it is possible to collect terms of constant harmonics. For example,
if the contributions of Aj to the cos(nh) coefficients (an) are considered,
it can be seen that

ao al . . . aN

due to j+k=n j-k=n k-j=n
A. 0 . .

correction for
j = k, n = 0

counted twice

The nth row of the column an is seen to be the sum of all coefficients for
j + k = n, j - k = n, or k - j = n from equation (All). (The last matrix
term is a correction since, for n = 0, there should be only one contribution
since j - k = 0 or k - j = 0 is the same term from equation (B11).) If one
defines aO - 2a0 , the symmetry property of the bracket term can be preserved
(, T= a , [ o T' = ). Although it is known that 80 = bo = B0 

= 0,

by equation (Bld), it is also advantageous from a symmetry standpoint to main-
tain the %B row and BO column in the matrices by simply defining
B0 ' a0B0 = 0. When this is done, the a and 8 coefficients (as found in
eq. (B11)) can be collected symbolically:n n
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2a 0  A0

aI Al

= + + a+ + [a

aN AN

BO0
B1

+2 Lb + L j O [b 0

BN

[P (a)]AJ + [P-(b)IBI (Bl3a)

o Ao

1 A,

BN [ AN

B0

B1

BN

[P-+(b)]AI + [P--(a)]IBI (Bl3b)

Fourier product matr~ i- If the above results are combined in matrix form,
a complete matrix method is obtained for symbolically multiplying two Fourier
series in the frequency domain:
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2a0  AO

al Al

Na_ N rfl(f)] (14

1 I B1

N BN

The matrix [f], called the modified Fourier product matrix, is a square sym-

metric matrix. Its first row (or column) is just ) and its (N+1) row (or

column) has all zeroes except an ao on the diagonal. If f is a known
function (with known Fourier series) and if g is an unknown periodic func-
tion (whose Fourier coefficients are unknowns A, B-), then equation (B14)
represents the symbolic multiplication to obtain the Fourier series for
h = g * f. In this case, [R(f)] is a known matrix formed by the algorithm in
equations (Bl3a,b).

When the first row of [i] is multiplied by 1/2, the new matrix is called
[H], the Fourier product matrix. It follows that

nI= [11(f)] 3 (B15)

n  Bi g

It can be shown from the structure of R that

[]T(fl + xf 2)] = [H(fl)] + x[1(f 2)]

[I(fl • f 2 )] = [(fl)] * [1(f 2 ) = [1(f 2 )] [11(fl)]

so that [1] is a linear commutative operator.
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Product of Two Fourier Series with

Frequency-Dependent Coefficients

When the Fourier coefficients of the functions f(*) and h( ) (eq. (B11))

are functions of the frequency content of h() itself, then the Fourier

product matrix [H(f)] in equation (B15) must be altered to take this frequency

dependence.into account. First, the j and j + N rows of equation (B15) are

rewritten:

33 (B16)

<j+N (f)> B

These two equations are the result of a harmonic balance of the function prod-

uct and result from the single equation:

[aj cos(jP) + Bj sin(j)]eiw = <T (f)> (cos(j)eiw
IBI

+ <11j+N(f) > B sin (ji)eiw (B17)

where the possibility of a harmonic modulation of h(p) and g(p) has been

allowed. The only two frequencies possible in equation (B17) are w + j and

w - j. Therefore, two possible values may exist for each aj , 8j, and Hji:

ji +(f) j H ji , T ji(f) - j E ji

+

a.(h) I j . a. , a (h) . a. (B18)

B(h)j j , Bj(h)l_j - Bj

When equation (Bl7) is separated into frequency components, with each f and

h given the value corresponding to that frequency, the resultant equation 
is

1 + + i(w+j) 1 - (
(ej - iBj)e + - ( + ije = > B[I.

1 + - IA i -

+ - [<ni > + i<n. >] e (B19)
2 +n jnB
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The resultant harmonic balance including frequency dependence is

+ - + - + - + -

ai(. - <1[. + I.> - i<Tj. H> B

S - + - - J +j + Bj + i(aj - aj) j+n + II. > + i< n.

which is written as

J = [B] I (B21)

aj

where the tilda marking indicates the operation:

N+1 N+l N+1 N+l (B22)
2 )W+3 -ii i 1W-l

N+1 N N+1 N+ 1 

When there is no j dependence, the tilda transformation is

S = IJ = I 1 . (B23)

When w = 0, the values at wm+ are complex conjugates so that

= Re{ + 1  Im [ (B24)
S ' IN+1

a real operation. In general, however, the tilda operation implies

complex quantities in the harmonic balance.
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APPENDIX C

FIGURES AND TABLES FOR ROTOR DERIVATIVES

Twelve basic rotor derivatives are included in this appendix: thrust,
pitch moment, and roll moment with respect to collective pitch, longitudinal

cyclic pitch, lateral cyclic pitch, and shaft angle of attack. There are

four main independent variables or system parameters: the configuration
parameters P, y, and 8ql and the advance ratio u. Figures and tables of

these derivatives are presented for a sufficient range of system parameters
to be of use in obtaining rapid estimates of these derivatives. The charts

also give additional qualitative insight into the behavior of hingeless rotor
derivatives.

The results are calculated using the following mathematical model. The

rotor blade is of uniform mass and stiffness and is represented by two elas-

tic bending modes. The modes and frequencies are given by the uniform approx-

imation of reference 23, which yields modal functions for the rotating blade

that give a smooth variation in mode shape as the fundamental flap frequency
varies from 1.0 to c. That is, the modes transition smoothly from Legendre

polynomials for P = 1.0 to nonrotating cantilever beam modes at P = -. A

root hinge is not included (Ks = -), the root cutout is zero, and the tip
loss factor B = 0.97. Full reversed flow effects are included and compres-

sibility is neglected. Three harmonics of blade response are retained (N = 3)
and the number of azimuthal increments is IN = 32.

When pitch-flap coupling is included, the blade pitch angle produced by the
the first and second mode flap bending is apportioned according to the ratio

eq2
- 0.16 (Cl)

eq1

which is the ratio of the modal deflections (for nonrotating cantilever modes)
in the limit as the blade root is approached, i.e.,

lim ~ 2(r) = 0.16 (C2)r 0

This apportionment is based on the assumption that pitch-flap coupling is pro-
duced by a pitch link mechanism that moves vertically to change the blade
pitch by rotating a pitch horn (lever arm) extending in a chordwise direction
from the blade. The kinematic boundary condition of this mechanism requires
that the blade must pitch when vertical bending deflections occur at the
radial location of the pitch link. The ratio of pitch-flap coupling of two
bending modes is therefore equal to the ratio of their modal deflections.
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Figures 22 to 37 are charts of the rotor derivatives calculated according
to the above mathematical model for Lock numbers of 5 and 10, advance ratios
0 < P < 1.0, flap frequencies 1 < P < -, and pitch-flap coupling
-3.0 < eq < 0.8. Larger positive values of pitch-flap coupling were not
included 6ecause of flapping instability at high advance ratios. The thrust
derivatives are plotted as a function of P for several values of P. At
low advance ratios there is little variation with P as noted previously.
At higher advance ratios several variations occur. Near P - 1.2, y = 5, the
thrust derivatives increase due to the effects of mode shape, reversed flow,
and.second harmonic response. For low values of P, the variation in bending
mode shape with P is also significant. The small increase in thrust for
P = 2.2 occurs when the first flap bending mode is in resonance with second
harmonic aerodynamic forces. The small perturbation of CT6 0  at P = 1.1

and P = 1.0 occurs when the second flap bending mode is in resonance with
third harmonic aerodynamic forces.

The pitch and roll moment derivatives are plotted using orthogonal axes
so that pitch-roll coupling variations can be easily observed. At zero
advance ratio these derivatives form a semi-circle as discussed previously.
These semi-circles generally expand and distort as the advance ratio increases
above zero. For P = 0, the rotor moment derivatives are zero and for P = -,
the pitch and roll derivatives are uncoupled at all advance ratios. The vari-
ation in pitch-roll coupling with advance ratio can be observed by the devia-
tion of P = constant curves from straight lines through the origin. The
effects of the second flap bending mode and the second and third harmonic of
aerodynamic forces also produce changes in the rotor moment derivatives
similar to those discussed above for the thrust derivatives.

The rotor moment derivatives as a function of pitch-flap coupling are
given in the form of magnitude and phase primarily to illustrate how such
coupling may be used to modify the rotor response magnitude and reduce phase
variations with advance ratio. The plots show that pitch-flap coupling alone
cannot give a phase angle for the moments that is independent of advance ratio
for all derivatives. A small amount of positive pitch-flap coupling can
decrease the moment phasing below 200, but at the expense of destabilizing the
rotor by increasing the thrust and pitch-up derivatives. Negative pitch-flap
coupling, on the other hand, decreases the thrust and pitch-up derivatives but
increases the phase change over the advance ratio range 0 < V < 1.0. Thus,
while pitch-flap coupling is a powerful design parameter, by itself it is not
adequate for completely uncoupling the pitch and roll moment derivatives at
all advance ratios.

Tables 2 through 49 include numerical values for the derivatives plotted
in the above figures.
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TABLE 2.- THRUST DERIVATIVE, CTOo Y , =q 0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0. 000 00000 1.0000

1.00 0.1521 0.1543 0.1610 0.1723 0.1888 0.2115 0.2419 0.2R81 0.3332 0.3072 0.4773

1.02 0.1521 0.1545 0.1619 0.1742 0.1922 0.2170 0.2503 0.2945 0.3522 0.4220 0.5112

1.04 0.1521 0.1548 0.1627 0.1761 0.1956 0.2225 0.2587 0.3060 0.3707 0.4503 0.5515

1.08 0.1521 0.1551 0.1641 0.1791 0.2007 0.2301 0.2694 0.3215 0.3012 0.4536 0.506P

1.12 0.1521 0.1553 0.1647 0.1803 0.2025 0.2327 0.2730 0.3266 0.3070 0.4574 0.5072

1.16 0.1521 0.1553 0.1649 0.1806 0.2027 0.2325 0.2720 0.3;43 0.3037 0.4847 0.5004

1.20 0.1521 0.1553 0.1647 0.1802 0.2018 0.2305 0.2680 0.3174 0.3R27 0.4690 0.579-

1.24 0.1521 0.1552 0.1644 0.1794 0.2002 0.2275 0.2627 0.30?8 0.3690 0.a4A9 0.549Q

1.25 0.1521 0.1551 0.1641 0.1785 0.1985 0.2243 0.2570 0.2APR 0.352p 0,apl 0.5156

1.34 0.1521 0.1550 0.1633 0.1773 0.1960 0.2198 0.2493 0.2560 0.3323 0.3Q91 0.4a60

1.40 0.1521 0.1549 0.1631 0.1762 0.1939 0.2161 0.2431 0.2757 0. 160 0.36RA 0.4317

1.50 0.1521 0.1547 0.1625 0.1749 0.1913 0.2117 0.2358 0.3641 0.2076 0.334 0.3aQp

1.60 0.1521 0.1546 0.1621 0.1740 0.1898 0.2090 0.2315 0.2573 0.2571 0.322 0.3&47

1.70 0.1521 0.1546 0.1619 0.1734 0.1888 0.2076 0.2294 0.2541 0.2520 0.3143 n.352P

1.80 0.1521 0.1545 0.1617 0.1732 0.1884 0.2072 0.2290 0.2537 0.2 14 0.3129 0.3405

1.00 0.1521 0.1545 0.1616 0.1731 0.1885 0.2077 0.2303 0.2561 0.25P1 0.3177 0.347

2.00 0.1521 0.1545 0.1616 0.1731 0.1888 0.2087 0.2325 0.2502 0.2014 0.3261 0.3647

2.10 0.1521 0.1545 0.1615 0.1731 0.1889 0.2092 0.2337 0.2625 0.2p52 0.3314 0.3700

2.20 0.1521 0.1545 0.1615 0.1729 0.1BR6 0.2087 0.2330 0.2 14 0.293A 0.3205 0.352

2.60 0.1521 0.1544 0.1613 0.1724 0.1873 0.2058 0.2276 0.2524 0.270R 0.3005 0.340p

3.00 0.1521 0.1544 0.1613 0.1722 0.1868 0.2047 0.2257 0.2403 0.2753 0.3034 0.335

5.00 0.1521 0.1544 0.1612 0.1720 0.1864 0.2039 0.2?32 0.2ao 0.2710 0.P976 0.3pao

- 0.1521 0.1544 0.1512 0.1720 0.1863 0.2038 0.2P41 0.246 0.2710 0.2969 0.3235
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TABLE 3.- ROLL MOMENT DERIVATIVE, CL 0 , y = 5, q = 0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0000 0.0001 0.0002 0.0004 0.0005 0.0006 0.0006 0.0008 0.0009 0.0013 0.0017

1.04 -0.0000 0.0001 0.0002 0.0003 0.0003 0.0003 0.0003 0.0004 0.0007 0.0013 0.0022

1.OR -0.0000 -0.0004 -0.0009 -0.0015 -0.0020 -0.0027 -0.0032 -0.0041 -0.0051 -0.0061 -0.0081

1.12 -0.0000 -0.0014 -0.0029 -0.0044 -0.0059 -0.0077 -0.0092 -0.0111 -0.0131 -0.0142 -0.0142

1.16 -0.0000 -0.0027 -0.0054 -0.0082 -0.0110 -0.0140 -0.0168 -0.0197 -0.0222 -0.0229 -0.0208

1.20 -0.0000 -0.0042 -0.0084 -0.0126 -0.0169 -0.0214 -0.0259 -0.0304 -0.0344 -0.0362 -0.0343

1.24 -0.0000 -0.0056 -0.0113 -0.0170 -0.0228 -0.0290 -0.0352 -0.0435 -0.0473 -0.0510 -0.0 06

1.2A -0.0000 -0.0070 -0.0140 -0.0211 -0.0284 -0.0360 -0.0439 -0.0519 -0.0596 -0.0653 -0.0669

1.34 -0.0000 -0.0087 -0.0174 -0.0263 -0.0355 -0.0450 -0.0549 -0.0652 -0.0753 -0.0839 -0.0886

1.40 -0.0000 -0.0100 -0.0202 -0.0305 -0.0410 -0.0520 -0.0636 -0.0755 -0. -0.0 -0.0984 -0.1049

1.50 -0.0000 -0.0117 -0.0234 -0.0353 -0.0476 -0.0603 -0.0735 -0.074 -0.1016 -0.1151 -0.1262

1.60 -0.0000 -0.0127 -0.0255 -0.0384 -0.0517 -0.0654 -0.0798 -0.0948 -0.1102 -0.1255 -0.1391

1.70 -0.0000 -0.0134 -0.0268 -0.0405 -0.0544 -0.0687 -0.0837 -0.0994 -0.1157 -0.1321 -0.1475

1.80 -0.0000 -0.0138 -0.0277 -0.0418 -0.0561 -0.0708 -0.0861 -0.1022 -0.1190 -0.1363 -0.1533

1.90 -0.0000 -0.0141 -0.0284 -0.0426 -0.0571 -0.0720 -0.0873 -0.1035 -0.1206 -0.1386 -0.173

2.00 -0.0000 -0.0144 -0.0288 -0.0432 -0.0577 -0.0725 -0.0878 -0.1038 -0.1209 -0.1394 -0.1597

2.10 -0.0000 -0.0145 -0.0291 -0.0436 -0.0582 -0.0730 -0.0881 -0.1039 -0.1208 -0.1394 -0.1607

2.20 -0.0000 -0.0147 -0.0293 -0.0440 -0.0587 -0.0735 -0.0886 -0.1043 -0.1211 -0.1396 -0.1609

2.60 -0.0000 -0.0149 -0.0299 -0.0449 -0.0600 -0.0753 -0.0909 -0.1070 -0.1239 -0.1421 -0.1623

3.00 0.0000 -0.0150 -0.0301 -0.0453 -0.0606 -0.0761 -0.0920 -0.1086 -0.1261 -0.1449 -0.1652

5.00 0.0000 -0.0151 -0.0304 -0.0457 -0.0611 -0.0768 -0.0930 -0.1097 -0.1273 -0.1460 -0.1661

m 0.0000 -0.0152 -0.0304 -0.0457 -0.0612 -0.0769 -0.0930 -0.1098 -0.1274 -0.1461 -O.1462
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TABLE 4.- PITCH MOMENT DERIVATIVE, CM , y 5, q1= 0

S00000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.000 0.9000 1.0000

1.00 -0.0000 -0.0000 0.0000 0.0000 0.0000 -0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0000 0.0011 0.0023 0.0036 0.0050 0.0065 0.0083 0.0103 0.0125 0.0148 0.0172

1.04 0.0000 0.0023 0.0046 0.0072 0.0101 0.0133 0.0170 0.0214 0.0263 0.0316 0.0375

1.08 0.0000 0.0045 0.0092 0.0143 0.0201 0.0269 0.0350 0.0450 0.0577 0.0726 0.0897

1.12 0.0000 0.0063 0.0129 0.0202 0.0284 0.0380 0.0492 0.0622 0.0770 0.0010 0.105

1.16 0.0000 0.0077 0.0158 0.0247 0.0349 0.0467 0.0609 0.0774 0.0061 0.1159 0.1349

1.20 -0.0000 0.0086 0.0177 0.0277 0.0392 0.0526 0.0688 0.0878 0.1098 0.1338 0.1980

1.24 -0.0000 0.0091 0.0188 0.0294 0.0415 0.0558 0.0730 0.0934 0.1172 0.143 0.1714

1.28 -0.0000 0.0093 0.0191 0.0209 0.0423 0.0568 0.0743 0.0951 0.1195 0.1472 0.1767

1.34 -0.0000 0.0091 0.0188 0.0294 0.0415 0.0557 0.0726 0.0920 0.1168 0.1442 0.1741

1.40 -0.0000 0.0087 0.0179 0.0279 0.0394 0.0528 0.0687 0.0R77 0.1101 0.1360 0.164P

1.50 -0.0000 0.0077 0.0159 0.0248 0.0349 0.0466 0.0605 0.0769 0.0964 0.1191 0.144

1.60 -0.0000 0.0068 0.0140 0.0217 0.0305 0.0406 0.0525 0.0669 0.0832 0.1029 0.12-9

1.70 -0.0000 0.0060 0.0122 0.0190 0.0266 0.0352 0.0454 0.0574 0.0717 0.08PR 0.1087

1.80 -0.0000 0.0052 0.0108 0.0167 0.0232 0.0306 0.0393 0.0495 0.0619 0.0768 0.0946

1.90 -0.0000 0.0046 0.0095 0.0147 0.0204 0.0268 0.0342 0.0430 0.0537 0.0669 0.0829

2.00 -0.0000 0.0041 0.0085 0.0131 0.0182 0.0238 0.0304 0.0380 0.0474 0.0590 0.0736

2.10 -0.0000 0.0037 0.0076 0.0118 0.0164 0.0216 0.0276 0.0346 0.0430 0.0534 0.0664

2.20 -0.0000 0.0033 0.0069 0.0107 0.0150 0.0199 0.0255 0.0320 0.0397 0.0491 0.0607

2.60 -0.0000 0.0023 0.0048 0.0075 0.0106 0.0142 0.0184 0.0234 0.0292 0.0361 0.0441

3.00 -0.0000 0.0017 0.0035 0.0055 0.0079 0.0106 0.0139 0.0178 0.0224 0.0277 0.0339

5.00 -0.0000 0.0005 0.0012 0.0019 0.0027 0.0036 0.0046 0.0059 0.0073 0.0090 0.0100

- -0.0000 -0.0000 -0.0000 O.OOO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 5.- THRUST DERIVATIVE, CT s, y 5, ql = 0
@s

\P1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 -0.0000 0.0236 0.0479 0.0737 0.1021 0.1344 0.1722 0.2174 0.2717 0.3370 0.4176

1.02 -0.0000 0.0244 0.0495 0.0762 0.1058 0.1397 0.1798 0.2283 0.2874 0.3581 0.4462

1.04 -0.0000 0.0251 0.0510 0.0787 0.1094 0.1450 0.1873 0.2392 0.3036 0.3820 0.4806

1.08 -0.0000 0.0262 0.0533 0.0822 0.1144 0.1519 0.1968 0.2524 0.3224 0.4105 0.5199

1.12 -0.0000 0.0266 0.0541 0.0834 0.1160 0.1537 0.1993 0.2559 0.3270 0.4156 0.5214

1.16 -0.0000 0.0266 0.0541 0.0834 0.1158 0.1531 0.1979 0.2534 0.3239 0.4134 0.5238

1.20 -0.0000 0.0264 0.0536 0.0826 0.1145 0.1508 0.1940 0.2472 0.3145 0.4005 0.5085

1.24 -0.0000 0.0261 0.0530 0.0815 0.1127 0.1479 0.1892 0.2394 0.3023 0.3826 0.4843

1.28 -0.0000 0.0258 0.0523 0.0803 0.1107 0.1448 0.1842 0.2314 0.2898 0.3638 0.4577

1.34 -0.0000 0.0253 0.0513 0.0787 0.1081 0.1407 0.1776 0.2209 0.2733 0.3387 0.4211

1.40 -0.0000 0.0249 0.0505 0.0774 0.1061 0.1374 0.1725 0.2128 0.2606 0.3191 0.3921

1.50 -0.0000 0.0245 0.0496 0.0758 0.1037 0.1339 0.1669 0.2041 0.2469 0.2978 0.3600

1.60 -0.0000 0.0242 0.0490 0.0750 0.1025 0.1321 0.1643 0.1999 0.2401 0.2870 0.3431

1.70 -0.0000 0.0240 0.0487 0.0746 0.1021 0.1317 0.1639 0.1992 0.2386 0.2837 0.3369

1.80 -0.0000 0.0239 0.0486 0.0746 0.1025 0.1326 0.1655 0.2015 0.2415 0.2869 0.3393

1.90 -0.0000 0.0239 0.0486 0.0749 0.1034 0.1345 0.1688 0.2066 0.2485 0.2953 0.3486

2.00 -0.0000 0.0238 0.0486 0.0751 0.1042 0.1363 0.1720 0.2118 0.2559 0.3048 0.3992

2.10 -0.0000 0.0238 0.0485 0.0749 0.1039 0.1361 0.1721 0.2123 0.2572 0.3068 0.3613

2.20 -0.0000 0.0237 0.0483 0.0744 0.1028 0.1341 0.1690 0.2080 0.2514 0.2996 0.3523

2.60 -0.0000 0.0236 0.0478 0.0729 0.0995 0.1280 0.1590 0.1928 0.2299 0.2706 0.3151

3,00 -0.0000 0.0236 0.0476 0.0725 0.0986 0.1265 0.1566 0.1894 0.2255 0.2656 0.3104

5.00 -0.0000 0.0235 0.0475 0.0722 0.0981 0.1255 0.1547 0.1863 0.2206 0.2579 0.2987

m 0.0000 0.0235 0.0475 0.0722 0.0980 0.1254 0.1546 0.1860 0.2201 0.2572 0.2977
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TABLE 6.- ROLL MOMENT DERIVATIVE, CL , Y = 5, 0q1 = 0

\ 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0003 -0.0002 -0.0002 -0.0001 -0.0000 0.0000 0.0002 0.0005 0.0009 0.0016 0.0024

1.04 -0.0012 -0.0011 -0.0011 -0.0010 -0.0009 -0.0006 -0.0003 0.0001 0.0009 0.0021 0.0037

1.OR -0.0048 -0.0048 -0.0048 -0.0048 -0.0047 -0.0047 -0.0044 -0.0043 -0.0040 -0.0036 -0.003R

1.12 -0.0096 -0.0097 -0.0098 -0.0099 -0.0101 -0.0105 -0.0106 -0.0109 -0.0111 -0.0105 -0.0086

1.16 -0.0152 -0.0153 -0.0155 -0.0160 -0.0166 -0.0175 -0.0183 -0.0190 -0.0193 -0.0180 -0.0140

1.20 -0.0208 -0.0210 -0.0215 -0.0224 -0.0236 -0.0252 -0.0269 -0.0286 -0.029R -0.0291 -0.0290

1.24 -0.0261 -0.0264 -0.0272 -0.0284 -0.0303 -0.0326 -0.0354 -0.03R4 -0.0408 -0.0414 -0.0382

1.28 -0.0308 -0.0312 -0.0322 -0.0339 -0.0363 -0.0395 -0.0432 -0.0473 -0.0511 -0.0531 -0.0514

1.34 -0.0365 -0.0370 -0.0383 -0.0406 -0.0438 -0.0480 -0.0530 -0.0586 -0.0641 -0.0682 -0.0689

1.40 -0.0409 -0.0414 -0.0430 -0.0457 -0.0495 -0.0545 -0.0604 -0.0672 -0.0741 -0.0800 -0.0828

1.50 -0.0457 -0.0464 -0.0483 -0.0515 -0.0560 -0.0618 -0.0689 -0.0769 -0.0855 -0.0935 -0.0992

1.60 -0.0487 -0.0494 -0.0515 -0.0550 -0.0600 -0.0663 -0.0740 -0.0828 -0.0923 -0.1017 -0.1095

1.70 -0.0506 -0.0514 -0.0536 -0.0572 -0.0623 -0.0689 -0.0769 -0.0862 -0.0964 -0.1068 -0.1163

1.80 -0.0519 -0.0526 -0.0548 -0.0585 -0.0637 -0.0703 -0.0784 -0.0879 -0.0985 -0.1097 -0.1209

1.90 -0.0527 -0.0535 -0.0556 -0.0593 -0.0643 -0.0708 -0.0788 -0.0882 -0.0990 -0.1109 -0.123A

2.00 -0.0533 -0.0541 -0.0562 -0.0597 -0.0646 -0.0709 -0.0786 -0.0878 -0.0085 -0.1108 -0.1252

2.10 -0.0538 -0.0545 -0.0566 -0.0602 -0.0651 -0.0713 -0.0788 -0.0877 -0.0981 -0.1104 -0.1253

2.20 -0.0541 -0.0548 -0.0571 -0.0607 -0.0658 -0.0721 -0.0797 -0.0885 -0.0967 -0.1106 -0.1251

2.60 -0.0547 -0.0556 -0.0581 -0.0622 -0.0678 -0.0748 -0.0830 -0.0924 -0.1028 -0.1142 -0.1266

3.00 -0.0550 -0.0559 -0.0584 -0.0627 -0.0686 -0.0760 -0.0849 -0.0952 -0.1065 -0.1187 -0.1312

5.00 -0.0552 -0.0561 -0.0587 -0.0631 -0.0690 -0.0764 -0.0853 -0.0053 -0.1063 -0.1182 -0.1303

-0.0553 -0.0562 -0.0588 -0.0631 -0.0691 -0.0765 -0.0853 -0.0054 -0.1064 -0.11? -0.1305
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TABLE 7.- PITCH MOMENT DERIVATIVE, CMe , = 5, 1ql = 0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 -0.0000 0.0000 0.0000 -0.0000 0.0000 0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 0.0039 0.0040 0.0043 0.0048 0.0055 0.0064 0.0075 0.0088 0.0102 0.0118 0.0135

1.04 0.0078 0.0080 0.0086 0.0096 0.0110 0.0129 0.0153 0.0182 0.0216 0.0255 0.0298

1.08 0.0147 0.0151 0.0163 0.0183 0.0213 0.0254 0.0309 0.0381 0.0476 0.0591 0.0723

1.12 0.0202 0.0208 0.0225 0.0254 0.0298 0.0356 0.0433 0.0526 0.0634 0.0746 0.0846

1.16 0.0241 0.0248 0.0269 0.0306 0.0360 0.0433 0.0531 0.0651 0.0790 0.0939 0.1080

1.20 0.0263 0.0271 0.0295 0.0337 0.0398 0.0482 0.0594 0.0733 0.0899 0.1082 0.1265

1.24 0.0272 0.0281 0.0306 0.0350 0.0416 0.0506 0.0624 0.0774 0.0955 0.1160 0.1372

1.26 0.0271 0.0280 0.0306 0.0351 0.0418 0.0509 0.0630 0.0783 0.0970 0.1184 0.1413

1.34 0.0259 0.0267 0.0293 0.0337 0.0402 0.0491 0.0609 0.0758 0.0941 0.1155 0.1390

1.40 0.0240 0.0248 0.0272 0.0314 0.0375 0.0459 0.0570 0.0710 0.0882 0.1086 0.1314

1.50 0.0207 0.0214 0.0235 0.0271 0.0325 0.0398 0.0493 0.0615 0.0765 0.0945 0.1152

1.60 0.0177 0.0183 0.0201 0.0232 0.0278 0.0340 0.0421 0.0525 0.0654 0.0812 0.0096

1.70 0.0152 0.0157 0.0172 0.0199 0.0237 0.0290 0.0359 0.0447 0.0558 0.0696 0.0861

1.80 0.0131 0.0135 0.0149 0.0171 0.0204 0.0249 0.0307 0.0382 0.0478 0.0600 0.0749

1.90 0.0114 0.0118 0.0130 0.0150 0.0178 0.0217 0.0267 0.0332 0.0415 0.0523 0.0658

2.00 0.0100 0.0104 0.0115 0.0134 0.0161 0.0196 0.0241 0.0299 0.0372 0.0467 0.0989

2.10 0.0089 0.0093 0.0104 0.0123 0.0149 0.0184 0.0227 0.0281 0.0348 0.0431 0.0"39

2.20 0.0079 0.0083 0.0094 0.0113 0.0139 0.0173 0.0216 0.0267 0.0330 0.0405 0.0498

2.60 0.0053 0.0056 0.0064 0.0079 0.0099 0.0126 0.0160 0.0202 0.0252 0.0308 0.0373

3.00 0.0039 0.0041 0.0047 0.0057 0.0072 0.0093 0.0119 0.0152 0.0191 0.0236 0.0288

5.00 0.0013 0.0013 0.0015 0.0019 0.0023 0.0030 0.0037 0.0047 0.00 7 0.0070 0.0085

m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 8.- THRUST DERIVATIVE, CT = 5, e = 0

\' 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0001 -0.0002 -0.0004 -0.0006 -0.0009

1.02 0.0000 -0.0000 -0.0000 -0.0001 -0.0003 -0.0006 -0.0011 -0.0018 -0.0028 -0.0040 -0.0055

1.04 0.0000 -0.0001 -0.0003 -0.0006 -0.0011 -0.0018 -0.0028 -0.0042 -0.0061 -0.0085 -0.0115

1.08 0.0000 -0.0007 -0.0014 -0.0023 -0.0034 -0.0048 -0.0068 -0.0096 -0.0132 -0.0183 -0.0251

1..12 0.0000 -0.0012 -0.0025 -0.0039 -0.0056 -0.0078 -0.0109 -0.0150 -0.0200 -0.0266 -0.0340

1.16 0.0000 -0.0017 -0.0034 -0.0053 -0.0075 -0.0103 -0.0141 -0.0191 -0.0257 -0.0341 -0.0439

1.20 0.0000 -0.0020 -0.0041 -0.0063 -0.0087 -0.0118 -0.0159 -0.0214 -0.0287 -0.0383 -0.0497

1.24 0.0000 -0.0022 -0.0045 -0.0068 -0.0094 -0.0125 -0.0165 -0.0220 -0.0294 -0.0393 -0.0615

1.28 0.0000 -0.0023 -0.0046 -0.0069 -0.0094 -0.0124 -0.0162 -0.0214 -0.0284 -0.0380 -0.0501

1.34 0.0000 -0.0023 -0.0045 -0.0067 -0.0090 -0.0115 -0.0147 -0.0190 -0.0250 -0.0334 -0.0446

1.40 0.0000 -0.0022 -0.0043 -0.0062 -0.0081 -0.0101 -0.0125 -0.0158 -0.0207 -0.0277 -0.0374

1.50 0.0000 -0.0019 -0.0037 -0.0052 -0.0065 -0.0076 -0.0087 -0.0105 -0.0133 -0.0180 -0.0252

1.60 0.0000 -0.0016 -0.0031 -0.0042 -0.0049 -0.0051 -0.0052 -0.0056 -0.0067 -0.0095 -0.0147

1.70 0.0000 -0.0014 -0.0026 -0.0033 -0.0035 -0.0031 -0.0023 -0.0015 -0.0014 -0.0027 -0.0065

1.80 0.0000 -0.0012 -0.0022 -0.0027 -0.0025 -0.0017 -0.0004 0.0010 0.0019 0.0013 -0.0018

1.90 0.0000 -0.0011 -0.0019 -0.0024 -0.0023 -0.0017 -0.0006 0.0006 0.0013 0.0005 -0.0030

2.00 0.0000 -0.0010 -0.0019 -0.0026 -0.0032 -0.0035 -0.0038 -0.0042 -0.0051 -0.0074 -0.0123

2.10 0.0000 -0.0009 -0.0019 -0.0031 -0.0045 -0.0063 -0.0086 -0.0113 -0.0148 -0.0193 -0.0257

2.20 0.0000 -0.0008 -0.0019 -0.0033 -0.0053 -0.0080 -0.0116 -0.0159 -0.0212 -0.0273 -0.0347

2.60 0.0000 -0.0005 -0.0013 -0.0025 -0.0042 -0.0065 -0.0095 -0.0132 -0.0174 -0.0220 -0.0268

3.00 0.0000 -0.0004 -0.0009 -0.0017 -0.0028 -0.0044 -0.0063 -0.0085 -0.0110 -0.0136 -0.0159

5.00 0.0000 -0.0001 -0.0003 -0.0005 -0.0008 -0.0013 -0.0019 -0.0027 -0.0037 -0.0049 -0.0066

m -0.0000 -0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 9.- ROLL MOMENT DERIVATIVE, CLec, y 5, q = 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.00'0

1.02 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0040

1.04 -0.0078 -0.0078 -0.0078 -0.0078 -0.0078 -0.0077 -0,0077 -0.0077 -0.0078 -0.0078 -0.0079

1.08 -0.0147 -0.0147 -0.0146 -0.0146 -0.0145 -0.0145 -0.0145 -0.0145 -0.0145 -0.0146 -0.0146

1.12 -0.0202 -0.0202 -0.0201 -0.0200 -0.0199 -0.0197 -0.0196 -0.0195 -0.0192 -0.0193 -0.0196

1.16 -0.0241 -0.0241 -0.0240 -0.0239 -0.0237 -0.0234 -0.0233 -0.0231 -0.0231 -0.0234 -0.0242

1.20 -0.0263 -0.0263 -0.0262 -0.0260 -0.0258 -0.0255 -0.0252 -0.0251 -0.0251 -0.0257 -0.0269

1.24 -0.0272 -0.0272 -0.0270 -0.0268 -0.0265 -0.0261 -0.0258 -0.0255 -0.0256 -0.0263 -0.0280

1.28 -0.0271 -0.0271 -0.0269 -0.0266 -0.0263 -0.0258 -0.0254 -0.0250 -0.0250 -0.025R -0.0278

1.34 -0.0259 -0.02~5 -0.0256 -0.0253 -0.0248 -0.0242 -0.0236 -0.0232 -0.0231 -0.0239 -0.0261

1.40 -0.0240 -0.0239 -0.0237 -0.0233 -0.0228 -0.0221 -0.0214 -0.0208 -0.0207 -0.0214 -0.0238

1.50 -0.0207 -0.0206 -0.0203 -0.0199 -0.0192 -0.0184 -0.0176 -0.0168 -0.0166 -0.0174 -0.0199

1.60 -0.0177 -0.0176 -0.0173 -0.0167 -0.0160 -0.0151 -0.0142' -0.0134 -0.0131 -0.0138 -0.0164

1.70 -0.0152 -0.0150 -0.0147 -0.0142 -0.0134 -0.0124 -0.0114 -0.0105 -0.0102 -0.0108 -0.0135

1.80 -0.0131 -0.0130 -0.0127 -0.0121 -0.0113 -0.0102 -0.0091 -0.0082 -0.0077 -0.0083 -0.0109

1.90 -0.0114 -0.0113 -0.0110 -0.0105 -0.0097 -0.0087 -0.0077 -0.0066 -0.0060 -0.0064 -0.0086

2.00 -0.0100 -0.0100 -0.0098 -0.0094 -0.0088 -0.0081 -0.0072 -0.0063 -0.0055 -0.0054 -0.0066

2.10 -0.0089 -0.0089 -0.0088 -0.0087 -0.0084 -0.0081 -0.0075 -0.0069 -0.0062 -0.0056 -0.0055

2.20 -0.0079 -0.0080 -0.0080 -0.0080 -0.0080 -0.0080 -0.0078 -0.0075 -0.0070 -0.0063 -0.0052

2.60 -0.0053 -0.0054 -0.0054 -0.0056 -0.0058 -0.0061 -0.0064 -0.0067 -0.0069 -0.0068 -0.0059

3.00 -0.0039 -0.0039 -0.0039 -0.0040 -0.0042 -0.0044 -0.0047 -0.0051 -0.0055 -0.0057 -0.004

5.00 -0.0013 -0.0013 -0.0013 -0.0013 -0.0013 -0.0013 -0.0013 -0.0012 -0.0011 -0.0010 -0.0008

-0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000
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TABLE 10.- PITCH MOMENT DERIVATIVE, CMoc , y = 5, el = 0

p" 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.5000 0.0000 1.0000

1.00 -0.0000 -0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003

1.04 -0.0012 -0.0012 -0.0012 -0.0012 -0.0013 -0.0013 -0.0014 -0.0014 -0.0015 -0.0015 -0.0015

1.08 -0.0048 -0.0048 -0.0049 -0.0050 -0.0052 -0.0055 -0.0058 -0.0063 -0.0071 -0.0076 -0.0082

1.12 -0.0096 -0.0097 -0.0099 -0.0102 -0.0106 -0.0112 -0.0118 -0.0127 -0.0137 -0.0142 -0.0143

1.16 -0.0152 -0.0153 -0.0156 -0.0161 -0.0168 -0.0178 -0.0189 -0.0202 -0.0216 -0.0226 -0.0229

1.20 -0.0208 -0.0210 -0.0214 -0.0221 -0.0232 -0.0245 -0.0262 -0.0281 -0.0301 -0.0317 -0.0326

1.24 -0.0261 -0.0263 -0.0269 -0.0278 -0.0291 -0.0308 -0.0329 -0.0363 -0.0379 -0.0402 -0.0417

1.2R -0.0308 -0.0310 -0.0317 -0.0327 -0.0343 -0.0363 -0.0388 -0.0416 -0.0446 -0.0474 -0.0495

1.34 -0.0365 -0.0368 -0.0375 -0.0388 -0.0405 -0.0428 -0.0457 -0.0489 -0.0524 -0.0551 -0.05R5

1.40 -0.0409 -0.0411 -0.0419 -0.0433 -0.0452 -0.0476 -0.0507 -0.0541 -0.0579 -0.0616 -0.0648

1.50 -0.0457 -0.0460 -0.0469 -0.0483 -0.0503 -0.0528 -0.0560 -0.0596 -0.0635 -0.0675 -0.0711

1.60 -0.0487 -0.0490 -0.0499 -0.0513 -0.0533 -0.0558 -0.0589 -0.0625 -0.0664 -0.0705 -0.0744

1.70 -0.0506 -0.0509 -0.0517 -0.0531 -0.0550 -0.0574 -0.0604 -0.0639 -0.0678 -0.0720 -0.0761

1.80 -0.0519 -0.0521 -0.0529 -0.0541 -0.0559 -0.0581 -0.0609 -0.0642 -0.0681 -0.0724 -0.0768

1.90 -0.0527 -0.0530 -0.0536 -0.0547 -0.0562 -0.0582 -0.0607 -0.0638 -0.0675 -0.0720 -0.0768

2.00 -0.0533 -0.0535 -0.0541 -0.0550 -0.0563 -0.0581 -0.0603 -0.0631 -0.0667 -0.0713 -0.0766

2.10 -0.0538 -0.0540 -0.0545 -0.0554 -0.0567 -0.0583 -0.0604 -0.0631 -0.0666 -0.0712 -0.0767

2.20 -0.0541 -0.0543 -0.0549 -0.0559 -0.0573 -0.0590 -0.0612 -0.0640 -0.0674 -0.0718 -0.0774

2.60 -0.0547 -0.0550 -0.0558 -0.0571 -0.0589 -0.0612 -0.0640 -0.0671 -0.0708 -0.0750 -0.0800

3.00 -0.0550 -0.0553 -0.0561 -0.0576 -0.0596 -0.0622 -0.0655 -0.0693 -0.0736 -0.0784 -0.0836

5.00 -0.0552 -0.0555 -0.0564 -0.0579 -0.0599 -0.0624 -0.0655 -0.0691 -0.0731 -0.0774 -0.0824

- -0.0553 -0.0556 -0.0565 -0.0579 -0.0599 -0.0625 -0.0655 -0.0691 -0.0730 -0.0774 -0.0821
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TABLE 11.- THRUST DERIVATIVE, CT , y = 5, ql = 0
a q1

\ 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 0.0023 0.0088 0.0193 0.0334 0.0513 0.0735 0.1005 0.1331 0.1719 0.2184

1.02 0.0000 0.0024 0.0093 0.0202 0.0351 0.0541 0.0778 0.1072 0.1440 0.1874 0.2391

1.04 0.0000 0.0025 0.0097 0.0211 0.0367 0.0568 0.0820 0.1137 0.1541 0.2034 0.2639

1.08 0.0000 0.0026 0.0102 0.0224 0.0389 0.0602 0.0870 0.1210 0.1645 0.2201 0.2905

1.12 0.0000 0.0027 0.0104 0.0228 0.0396 0.0611 0.0882 0.1226 0.1667 0.2232 0.2032

1.16 0.0000 0.0027 0.0104 0.0228 0.0394 0.0606 0.0872 0.1208 0.1641 0.2204 0.2928

1.20 0.0000 0.0026 0.0103 0.0225 0.0388 0.0595 0.0850 0.1169 0.1978 0.2110 0.2803

1.24 0.0000 0.0026 0.0102 0.0221 0.0380 0.0579 0.0823 0.1122 0.1499 0.1986 0.2622

1.28 0.0000 0.0026 0.0100 0.0217 0.0372 0.0564 0.0795 0.1075 0.1420 0.1859 0.2429

1.34 0.0000 0.0025 0.0097 0.0211 0.0360 0.0543 0.0759 0.1013 0.1317 0.1692 0.2167

1.40 0.0000 0.0025 0.0095 0.0206 0.0351 0.0527 0.0731 0.0066 0.1237 0.1562 0.1962

1.50 0.0000 0.0024 0.0093 0.0201 0.0341 0.0509 0.0701 0.0914 0.1151 0.1420 0.1735

1.60 0.0000 0.0024 0.0092 0.0197 0.0335 0.0500 0.0685 0.0888 0.1107 0.1345 0.1611

1.70 0.0000 0.0023 0.0091 0.0196 0.0333 0.0496 0.0681 0.0880 0.1092 0.1316 0.1556

1.80 0.0000 0.0023 0.0090 0.0195 0.0333 0.0498 0.0685 0.0889 0.1103 0.1325 0.1555

1.90 0.0000 0.0023 0.0090 0.0196 0.0335 0.0505 0.0699 0.0911 0.1136 0.1366 0.1600

2.00 0.0000 0.0023 0.0090 0.0196 0.0338 0.0512 0.0713 0.0937 0.1175 0.1419 0.1662

2.10 0.0000 0.0023 0.0090 0.0196 0.0337 0.0512 0.0716 0.0943 0.1188 0.1439 0.1688

2.20 0.0000 0.0023 0.0089 0.0195 0.0334 0.0506 0.0704 0.0926 0.1164 0.1410 0.1654

2.60 0.0000 0.0023 0.0089 0.0191 0.0325 0.0484 0.0663 0.0857 0.1059 0.1264 0.1466

3.00 0.0000 0.0023 0.0088 0.0190 0.0322 0.0478 0.0652 0.0839 0.1034 0.1233 0.1435

5.00 0.0000 0.0023 0.0088 0.0189 0.0320 0.0473 0.0644 0.0825 0.1011 0.1194 0.1370

m 0.0000 0.0023 0.0088 0.0189 0.0320 0.0473 0.0643 0.0824 0.1008 0.1190 0.1364
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TABLE 12.- ROLL MOMENT DERIVATIVE, CL ,, Y = 5, eq 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 0.0000 -0.0000 -0.0001 -0.0002 -0.0003 -0.0004 -0.0006 -0.0007 -0.0009 -0.0011 -0.0013

1.04 0.0000 -0.0002 -0.0005 -0.0007 -0.0010 -0.0013 -0.0016 -0.0020 -0.0025 -0.0028 -0.0031

1.08 0.0000 -0.0008 -0.0016 -0.0024 -0.0032 -0.0041 -0.0049 -0.0061 -0.0075 -0.0000 -0.0113

1.12 0.0000 -0.0014 -0.0029 -0.0043 -0.0058 -0.0073 -0.0087 -0.0105 -0.0125 -0.0143 -0.0158

1.16 0.0000 -0.0022 -0.0044 -0.0066 -0.0087 -0.0109 -0.0132 -0.0157 -0.0183 -0.0203 -0.0212

1.20 0.0000 -0.0030 -0.0059 -0.0089 -0.0118 -0.0149 -0.0181 -0.0216 -0.0252 -0.0284 -0.0300

1.24 0.0000 -0.0037 -0.0074 -0.0110 -0.0147 -0.0186 -0.0228 -0.0274 -0.0323 -0.036 -0.03O8

1.28 0.0000 -0.0043 -0.0086 -0.0129 -0.0173 -0.0220 -0.0271 -0.0327 -0.03P7 -0.04 7 -0.0494

1.34 0.0000 -0.0051 -0.0102 -0.0153 -0.0206 -0.0262 -0.0323 -0.0392 -0.0469 -0.054A -0.0619

1.40 0.0000 -0.0056 -0.0113 -0.0171 -0.0230 -0.0293 -0.0363 -0.0442 -0.0530 -0.0625 -0.0717

1.50 0.0000 -0.0063 -0.0126 -0.0191 -0.0257 -0.0329 -0.0408 -0.0498 -0.0600 -0.0713 -0.0830

1.60 0.0000 -0.0067 -0.0134 -0.0203 -0.0274 -0.0351 -0.0435 -0.0531 -0.0641 -0.0766 -0.0901

1.70 0.0000 -0.0069 -0.0140 -0.0211 -0.0284 -0.0363 -0.0451 -0.0 51 -0.0666 -0.0709 -0.0947

1.80 0.0000 -0.0071 -0.0143 -0.0215 -0.0290 -0.0371 -0.0460 -0.0561 -0.0680 -0.0810 -0.0078

1.90 0.0000 -0.0072 -0.0145 -0.0218 -0.0294 -0.0374 -0.0463 -0.065 -0*06P5 -0.0828 -0.0998

2.00 0.0000 -0.0073 -0.0146 -0.0220 -0.0295 -0.0375 -0.0463 -0.0563 -0.0683 -0.0829 -0.1009

2.10 0.0000 -0.0073 -0.0147 -0.0221 -0.0297 -0.0377 -0.0463 -0.0563 -0.0681 -0.0828 -0.1012

2.20 0.0000 -0.0074 -0.0148 -0.0223 -0.0299 -0.0380 -0.0467 -0.0566 -0.0684 -0.0829 -0.1013

2.60 0.0000 -0.0075 -0.0150 -0.0227 -0.0306 -0.0390 -0.0481 -0.058A -0.0703 -0.0847 -0.1022

3.00 0.0000 -0.0075 -0.0151 -0.0228 -0.0309 -0.0394 -0.0488 -0.0595 -0.0720 -0.0868 -0.1046

5.00 0.0000 -0.0076 -0.0152 -0.0230 -0.0311 -0.0397 -0.0492 -0.0599 -0.0723 -0.0869 -0.1043

- 0.0000 -0.0076 -0.0152 -0.0230 -0.0311 -0.0397 -0.0493 -0.0600 -0.0724 -0.0870 -0. 1043
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TABLE 13.- PITCH MOMENT DERIVATIVE, CM c , y 
5 , eq = 0

X, 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 0.0000 -0.0000 -0.0000 0.0000 -0.0000

1.02 0.0000 0.0005 0.0011 0.0017 0.0024 0.0032 0.0042 0.0054 0.0068 0.0083 0.0100

1.04 0.0000 0.0010 0.0022 0.0034 0.0048 0.0065 0.0085 0.0110 0.0140 0.0175 0.0215

1.08 0.0000 0.0020 0.0041 0.0064 0.0092 0.0126 0.0168 0.0222 0.0292 0.0381 0.0492

1.12 0.0000 0.0027 0.0056 0.0089 0.0128 0.0174 0.0234 0.0306 0.0393 0.0493 0.0597

1.16 0.0000 0.0032 0.0067 0.0106 0.0154 0.0211 0.0285 0.0377 0.0489 0.0620 0.0762

1.20 0.0000 0.0035 0.0073 0.0117 0.0169 0.0234 0.0317 0.0422 0.0553 0.0709 0.0885

1.24 0.0000 0.0036 0.0076 0.0121 0.0176 0.0244 0.0331 0.0443 0.0584 0.0755 0.0952

1.28 0.0000 0.0036 0.0075 0.0121 0.0176 0.0244 0.0333 0.0446 0.0590 0.0767 0.0974

1.34 0.0000 0.0034 0.0072 0.0115 0.0168 0.0235 0.0320 0.0429 0.0569 0.0743 0.0050

1.40 0.0000 0.0032 0.0067 0.0107 0.0156 0.0218 0.0298 0.0400 0.0530 0.0694 0.0891

1.50 0.0000 0.0027 0.0057 0.0092 0.0135 0.0188 0.0256 0.0344 0.0457 0.0600 0.0775

1.60 0.0000 0.0023 0.0049 0.0079 0.0115 0.0160 0.0218 0.0293 0.0389 0.0513 0.0665

1.70 0.0000 0.0020 0.0042 0.0067 0.0098 0.0136 0.0185 0.0249 0.0331 0.0438 0.0573

1.80 0.0000 0.0017 0.0036 0.0058 0.0084 0.0116 0.0158 0.0212 0.0283 0.0377 0.0496

1.90 0.0000 0.0015 0.0031 0.0050 0.0073 0.0101 0.0137 0.0183 0.0244 0.0326 0.0433

2.00 0.0000 0.0013 0.0028 0.0045 0.0065 0.0090 0.0122 0.0163 0.0217 0.0289 0.0385

2.10 0.0000 0.0011 0.0025 0.0040 0.0059 0.0083 0.0113 0.0151 0.0200 0.0264 0.0349

2.20 0.0000 0.0010 0.0022 0.0037 0.0055 0.0077 0.0106 0.0142 0.0187 0.0245 0.0320

2.60 0.0000 0.0007 0.0015 0.0025 0.0038 0.0055 0.0077 0.0105 0.0140 0.0183 0.0236

3.00 0.0000 0.0005 0.0011 0.0018 0.0028 0.0041 0.0058 0.0080 0.0108 0.0141 0.0180

5.00 0.0000 0.0001 0.0003 0.0006 0.0009 0.0013 0.0018 0.0025 0.0033 0.0043 0.0054

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

ORIGINAL PAGE IS 91
OF POOR QUALITY



TABLE 14.- THRUST DERIVATIVE, C , y = 5, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 0.1890 0.1933 0.2057 0.2265 0.2565 0.2984 0.3576 0.4436 0.5699 0.7555 1.0101

0.70 0.1835 0.1878 0.2005 0.2218 0.2527 0.2960 0.3574 0.4465 0.5772 0.7691 1.0318

0.60 0.1782 0.1825 0.1952 0.2166 0.2476 0.2911 0.3528 0.4419 0.5716 0.7604 1.0167

0.50 0.1732 0.1775 0.1900 0.2110 0.2415 0.2841 0.3443 0.4305 0.5546 0.7327 0.9712

0.40 0.1685 0.1726 0.1848 0.2051 0.2345 0.2755 0.3328 0.4140 0.5290 0.6912 0.9050

0.30 0.1641 0.1680 0.1796 0.1990 0.2269 0.2656 0.3192 0.3938 0.4979 0.6417 0.8282

0.20 0.1599 0.1636 0.1746 0.1928 0.2190 0.2549 0.3041 0.3715 0.4639 0.5889 0.7488

0.10 0.1559 0.1594 0.1696 0.1866 0.2109 0.2439 0.2884 0.3484 0.4292 0.5366 0.6721

0.00 0.1521 0.1553 0.1649 0.1806 0.2028 0.2327 0.2726 0.3254 0.3954 0.4869 0.6012

-0.10 0.1484 0.1514 0.1602 0.1746 0.1949 0.2218 0.2571 0.3033 0.3635 0.4410 0.5374

-0.20 0.1450 0.1477 0.1558 0.1689 0.1871 0.2112 0.2423 0.2823 0.3339 0.3994 0.4807

-0.30 0.1417 0.1442 0.1515 0.1634 0.1797 0.2010 0.2282 0.2628 0.3065 0.3623 0.4309

-0.40 0.1385 0.1408 0.1474 0.1581 0.1726 0.1914 0.2151 0.2448 0.2823 0.3292 0.3874

-0.50 0.1355 0.1376 0.1435 0.1530 0.1659 0.1824 0.2029 0.2284 0.2603 0.3000 0.3494

-0.60 0.1326 0.1345 0.1398 0.1483 0.1596 0.1740 0.1917 0.2134 0.2405 0.2742 0.3162

-0.70 0.1298 0.1315 0.1363 0.1437 0.1537 0.1661 0.1813 0.1998 0.2228 0.2514 0.2873

-0.80 0.1272 0.1287 0.1329 0.1394 0.1481 0.1589 0.1718 0.1575 0.2070 0.2313 0.2619

-0.90 0.1246 0.1259 0.1297 0.1354 0.1429 0.1521 0.1631 0.1764 0.1928 0.2134 0.2397

-1.00 0.1222 0.1233 0.1266 0.1316 0.1380 0.1459 0.1551 0.1663 0.1801 0.1976 0.2201

-1.10 0.1198 0.1208 0.1237 0.1280 0.1334 0.1401 0.1478 0.1571 O.16rp 0.135 0.2028

-1.40 0.1133 0.1139 0.1157 0.1183 0.1215 0.1251 0.1293 0.1344 0.1410 0.1498 0.1619

-3.00 0.0877 0.0875 0.0869 0.0857 0.0840 0.0819 0.0795 0.0774 0.075R 0.0754 0.0766

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 15.- ROLL MOMENT DERIVATIVE, CLe, = 5, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 -0.0000 0.0009 0.0019 0.0031 0.0046 0.0063 0.0094 0.0129 0.0178 0.0264 0.0398

0.70 -0.000t 0.0003 0.0007 0.0012 0.0020 0.0029 0.0049 0.0074 0.0109 0.0179 0.0298

0.60 -0.0000 -0.0002 -0.0004 -0.0004 -0.0003 -0.0002 0.0007 0.0020 0.0042 0.0094 0.0193

0.50 -0.0000 -0.0007 -0.0014 -0.0020 -0.0025 -0.0031 -0.0030 -0.0028 -0.0019 0.0016 0.0094

0.40 -0.0000 -0.0011 -0.0023 -0.0034 -0.0045 -0.0057 -0.0063 -0.0071 -0.0073 -0.0051 0.0008

0.30 -0.0000 -0.0015 -0.0031 -0.0046 -0.0062 -0.0079 -0.0092 -0.0106 -0.0117 -0.0106 -0.0061

0.20 -0.0000 -0.0019 -0.0037 -0.0057 -0.0076 -0.0097 -0.0115 -0.013- -0.0151 -0.0149 -0.0115

0.10 -0.0000 -0.0021 -0.0043 -0.0065 -0.0087 -0.0112 -0.0133 -0.0157 -0.0177 -0.0180 -0.0155

0.00 -0.0000 -0.0024 -0.0048 -0.0072 -0.0097 -0.0123 -0.0147 -0.0173 -0.0195 -0.0202 -0.0183

-0.10 -0.0000 -0.0025 -0.0051 -0.0077 -0.0104 -0.0132 -0.0158 -0.0184 -0.0207 -0.0216 -0.0202

-0.20 -0.0000 -0.0027 -0.0054 -0.0081 -0.0109 -0.0138 -0.0164 -0.0192 -0.0215 -0.0224 -0.0213

-0.30 -0.0000 -0.0028 -0.0056 -0.0084 -0.0113 -0.0142 -0.0169 -0.0196 -0.0218 -0.0228 -0.0220

-0.40 -0.0000 -0.0029 -0.0058 -0.0086 -0.0115 -0.0144 -0.0171 -0.0197 -0.0219 -0.0229 -0.0223

-0.50 -0.0000 -0.0029 -0.0058 -0.0088 -0.0116 -0.0145 -0.0171 -0.0197 -0.0218 -0.0228 -0.0223

-0.60 -0.0000 -0.0029 -0.0059 -0.0088 -0.0116 -0.0145 -0.0170 -0.0195 -0.0215 -0.0224 -0.0221

-0.70 -0.0000 -0.0029 -0.0059 -0.0088 -0.0116 -0.0144 -0.0168 -0.0192 -0.0211 -0.0220 -0.0218

-0.80 -0.0000 -0.0029 -0.0059 -0.0087 -0.0115 -0.0142 -0.0166 -0.0188 -0.0206 -0.0215 -0.0214

-0.90 -0.0000 -0.0029 -0.0058 -0.0086 -0.0113 -0.0140 -0.0163 -0.0184 -0.0200 -0.0209 -0.0209

-1.00 -0.0000 -0.0029 -0.0057 -0.0085 -0.0112 -0.0137 -0.0159 -0.0179 -0.0195 -0.0203 -0.0203

-1.10 -0.0000 -0.0028 -0.0057 -0.0084 -0.0109 -0.0134 -0.0155 -0.0174 -0.0159 -0.0197 -0.0198

-1.40 -0.0000 -0.0027 -0.0053 -0.0079 -0.0102 -0.0124 -0.0143 -0.0159 -0.0171 -0.0179 -0.0180

-3.00 -0.0000 -0.0018 -0.0035 -0.0051 -0.0065 -0.0076 -0.0085 -0.0093 -0.0Q08 -0.0100 -0.0101

-_ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

93



TABLE 16.- PITCH MOMENT DERIVATIVE, CM , y = 5, P 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.000O

0.80 0.0000 0.0108 0.0223 0.0352 0.0506 0.0695 0.0935 0.1249 0.1657 0.2165 0.2746

0.70 0.0000 0.0104 0.0216 0.0342 0.0492 0.0677 0.0914 0.1224 0.1626 0.2126 0.2695

0.60 0.0000 0.0101 0.0208 0.0330 0.0474 0.0653 0.0882 0.1179 0.1 62 0.2032 0.2559

0.50 0.0000 0.0097 0.0200 0.0316 0.0454 0.0624 0.0840 0.1118 0.1471 0.1897 0.2362

0.40 0.0000 0.0092 0.0191 0.0301 0.0431 0.0591 0.0792 0.1047 0.1364 0.1737 0.2133

0.30 0.0000 0.0088 0.0181 0.0285 0.0408 0.0556 0.0740 0.0069 0.1249 0.1568 0.1895

0.20 0.0000 0.0083 0.0171 0.0269 0.0383 0.0519 0.0687 0.0891 0.1133 0.1401 0.1669

0.10 0.0000 0.0078 0.0161 0.0253 0.0359 0.0483 0.0634 0.0813 0.1021 0.1244 0.1461

0.00 0.0000 0.0074 0.0152 0.0237 0.0335 0.0448 0.0583 0.0740 0.0917 0.1102 0.1277

-0.10 0.0000 0.0070 0.0143 0.0222 0.0312 0.0414 0.0534 0.0671 0.0823 0.0976 0.1118

-0.20 0.0000 0.0065 0.0134 0.0207 0.0290 0.0383 0.0489 0.0609 0.0738 0.0865 0.0980

-0.30 0.0000 0.0061 0.0125 0.0193 0.0269 0.0353 0.0448 0.0552 0.0662 0.0768 0.0863

-0.40 0.0000 0.0057 0.0117 0.0180 0.0249 0.0326 0.0410 0.0501 0.0595 0.0684 0.0762

-0.50 0.0000 0.0054 0.0109 0.0168 0.0231 0.0300 0.0376 0.0455 0.0536 0.0612 0.0677

-0.60 0.0000 0.0050 0.0102 0.0157 0.0215 0.0277 0.0345 0.0415 0.0485 0.0549 0.0604

-0.70 0.0000 0.0047 0.0096 0.0146 0.0199 0.0256 0.0317 0.0378 0.0439 0.0494 0.0541

-0.80 0.0000 0.0044 0.0089 0.0136 0.0185 0.0237 0.0291 0.0346 0.0400 0.0447 0.0487

-0.90 0.0000 0.0041 0.0084 0.0127 0.0172 0.0220 0.0268 0.0317 0.0364 0.0406 0.0440

-1.00 0.0000 0.0039 0.0078 0.0119 0.0161 0.0204 0.0248 0.0292 0.0333 0.0370 0.0400

-1.10 0.0000 0.0036 0.0073 0.0111 0.0150 0.0189 0.0229 0.0269 0.0306 0.0338 0.0364

-1.40 0.0000 0.0030 0.0061 0.0091 0.0122 0.0153 0.0184 0.0214 0.0241 0.0264 0.0283

-3.00 0.0000 0.0013 0.0026 0.0039 0.0052 0.0064 0.0076 0.0088 0.0099 0.0110 0.0119

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 17.- THRUST DERIVATIVE, CT , y = 5, P = 1.15

1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 -0.0000 0.0346 0.0703 0.1081 0.1502 0.1994 0.2609 0.3430 0.4561 0.6149 0.8246

0.70 -0.0000 0.0341 0.0693 0.1071 0.1493 0.1992 0.2624 0.3469 0.4638 0.62R1 0.8453

0.60 -0.0000 0.0334 0.0680 0.1052 0.1471 0.1969 0.2600 0.3446 0.4611 0.6238 0.8375

0.50 -0.0000 0.0325 0.0662 0.1026 0.1436 0.1925 0.2544 0.3367 0.4491 0.6042 0.8056

0.40 -0.0000 0.0315 0.0642 0.0994 0.3392 0.1864 0.2459 0.3243 0.4300 0.5734 0.7570

0.30 -0.0000 0.0304 0.0619 0.0958 0.1340 0.1791 0.2355 0.3087 0.4061 0.5357 0.6994

0.20 -0.0000 0.0292 0.0594 0.0918 0.1283 0.1710 0.2237 0.2913 0.3796 0.4950 0.6390

0.10 -0.0000 0.0279 0.0568 0.0877 0.1222 0.1623 0.2112 0.2729 0.3523 0.4542 0.5801

0.00 -0.0000 0.0266 0.0541 0.0835 0.1160 0.1534 0.1985 0.2545 0.32'4 0.4151 0.5252

-0.10 -0.0000 0.0254 0.0515 0.0792 0.1097 0.1446 0.1859 0.2366 0.2998 0.3788 0.4752

-0.20 -0.0000 0.0241 0.0489 0.0750 0.1036 0.1359 0.1738 0.2195 0.2759 0.3456 0.4306

-0.30 -0.0000 0.0229 0.0463 0.0709 0.0976 0.1276 0.1622 0.2035 0.2539 0.3157 0.3910

-0.40 -0.0000 0.0217 0.0438 0.0670 0.0919 0.1197 0.1513 0.1887 0.2339 0.2890 0.3562

-0.50 -0.0000 0.0205 0.0414 0.0632 0.0865 0.1122 0.1412 0.1751 0.2158 0.2651 0.3255

-0.60 -0.0000 0.0194 0.0392 0.0597 0.0814 0.1052 0.1318 0.1626 0.1994 0.2439 0.2984

-0.70 -0.0000 0.0184 0.0370 0.0563 0.0766 0.0986 0.1231 0.1512 0.1846 0.2250 0.2746

-0.80 -0.0000 0.0174 0.0350 0.0531 0.0721 0.0926 0.1151 0.1408 0.1713 0.2051 0.2534

-0.90 -0.0000 0.0164 0.0331 0.0501 0.0679 0.0869 0.1077 0.1314 0.1593 0.1930 0.2347

-1.00 -0.0000 0.0155 0.0313 0.0473 0.0640 0.0817 0.1010 0.1228 0.1485 0.1795 0.2179

-1.10 -0.0000 0.0147 0.0296 0.0447 0.0603 0.0769 0.0948 0.1150 0.13A7 0.1673 0.2030

-1.40 -0.0000 0.0125 0.0251 0.0379 0.0509 0.0645 0.0790 0.0953 0.1144 0.1375 0.1664

-3.00 -0.0000 0.0060 0.0119 0.0178 0.0237 0.0297 0.0359 0.0428 0.0509 0.0604 0.0720

-o 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 18.- ROLL MOMENT DERIVATIVE, CL , y = 5, P = 1.15
s

0.0000 0o1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 -0.0040 -0.0038 -0.0031 -0.0020 -0.0003 0.0016 0.0049 0.0088 0.0140 0.0222 0.0343

0,70 -0.0057 -0.0055 -0.0050 -0.0041 -0.0029 -0.0013 0.0011 0.0042 0.0084 0.0156 0.0266

0.60 -0.0072 -0.0071 -0.0067 -0.0062 -0.0053 -0.0042 -0.0023 -0.0001 0.0030 0.0088 0.0184

0.50 -0.0087 -0.0086 -0.0084 -0.0080 -0.0075 -0.0069 -0.0057 -0.0042 -0.0020 0.0025 0.0107

0.40 -0.0100 -0.0099 -0.0098 -0.0097 -0.0095 -0.0093 -0.0086 -0.0078 -0.0064 -0.0029 0.0038

0.30 -0.0111 -0.0111 -0.0111 -0.0112 -0.0112 -0.0114 -0.0111 -0.0109 -0.0101 -0.0074 -0.0017

0.20 -0.0121 -0.0122 -0.0123 -0.0125 -0.0127 -0.0131 -0.0132 -0.0134 -0.0131 -0.0110 -0.0062

0.10 -0.0130 -0.0131 -0.0132 -0.0135 -0.0139 -0.0145 -0.0149 -0.0153 -0.0153 -0.0137 -0.0095

0.00 -0.0137 -0.0138 -0.0140 -0.0144 -0.0149 -0.0157 -0.0162 -0.0168 -0.0170 -0.0156 -0.0120

-0.10 -0.0143 -0.0144 -0.0147 -0.0151 -0.0157 -0.0165 -0.0172 -0.0179 -0.0181 -0.0170 -0.0137

-0.20 -0.0148 -0.0149 -0.0152 -0.0157 -0.0163 -0.0172 -0.0179 -0.0186 -0.0189 -0.0178 -0.0149

-0.30 -0.0152 -0.0153 -0.0156 -0.0161 -0.0168 -0.0176 -0.0184 -0.0191 -0.0193 -0.0184 -0.0156

-0.40 -0.0155 -0.0156 -0.0159 -0.0164 -0.0171 -0.0179 -0.0186 -0.0193 -0.0195 -0.0186 -0.0161

-0.50 -0.0157 -0.0158 -0.0161 -0.0166 -0.0172 -0.0181 -0.0188 -0.0194 -0.0196 -0.0187 -0.0163

-0.60 -0.0158 -0.0159 -0.0162 -0.0167 -0.0173 -0.0181 -0.0188 -0.0194 -0.0195 -0.0186 -0.0164

-0.70 -0.0158 -0.0159 -0.0162 -0.0167 -0.0173 -0.0181 -0.0187 -0.0192 -0.0193 -0.0184 -0.0164

-0.80 -0.0158 -0.0159 -0.0162 -0.0167 -0.0173 -0.0180 -0.0185 -0.0190 -0.0190 -0.0182 -0.0163

-0.90 -0.0158 -0.0159 -0.0161 -0.0166 -0.0172 -0.0178 -0.0183 -0.0187 -0.0187 -0.0179 -0.0161

-1.00 -0.0157 -0.0158 -0.0160 -0.0165 -0.0170 -0.0176 -0.0181 -0.0184 -0.0184 -0.0176 -0.0159

-1.10 -0.0156 -0.0156 -0.0159 -0.0163 -0.0168 -0.0174 -0.0178 -0.0181 -0.0180 -0.0173 -0.0156

-1.40 -0.0151 -0.0151 -0.0153 -0.0157 -0.0161 -0.0166 -0.0169 -0.0171 -0.0169 -0.0162 -0.0148

-3.00 -0.0116 -0.0116 -0.0117 -0.0119 -0.0121 -0.0123 -0.0124 -0.0124 -0.0123 -0.0120 -0.0115

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 19.- PITCH MOMENT DERIVATIVE, CM6 s , y = 5, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 0.0306 0.0317 0.0350 0.0408 0.0496 0.0619 0.0789 0.1018 0.1320 0.1696 0.2115

0.70 0.0301 0.0311 0.0344 0.0400 0.0486 0.0607 0.0775 0.1002 0.1301 0.1673 0.2087

0.60 0.0294 0.0304 0.0335 0.0390 0.0473 0.0589 0.0751 0.0969 0.1255 0.1607 0.1992

0.50 0.0286 0.0296 0.0325 0.0377 0.0455 0.0566 0.0719 0.0924 0.1188 0.1507 0.1849

0.40 0.0277 0.0286 0.0314 0.0362 0.0436 0.0539 0.0681 0.0868 0.1106 0.1386 0.1678

0.30 0.0266 0.0275 0.0301 0.0346 0.0415 0.0509 0.0639 0.0807 0.1016 0.1256 0.1499

0.20 0.0256 0.0263 0.0288 0.0329 0.0392 0.0478 0.0596 0.0745 0.0926 0.1127 0.1325

0.10 0.0244 0.0252 0.0274 0.0312 0.0369 0.0447 0.0552 0.0682 0.0837 0.1005 0.1165

0.00 0.0233 0.0239 0.0260 0.0295 0.0347 0.0417 0.0509 0.0623 0.0755 0.0894 0.1023

-0.10 0.0221 0.0227 0.0246 0.0278 0.0325 0.0387 0.0469 0.0567 0.0679 0.0794 0.0898

-0.20 0.0210 0.0216 0.0232 0.0261 0.0303 0.0359 0.0431 0.0516 0.0611 0.0706 0.0791

-0.30 0.0199 0.0204 0.0219 0.0245 0.0283 0.0332 0.0396 0.0469 0.0549 0.0629 0.069R

-0.40 0.0188 0.0193 0.0207 0.0230 0.0264 0.0308 0.0363 0.0427 0.0495 0.0562 0.0619

-0.50 0.0178 0.0182 0.0194 0.0215 0.0246 0.0285 0.0334 0.0389 0.0447 0.0503 0.0550

-0.60 0.0168 0.0172 0.0183 0.0202 0.0229 0.0264 0.0307 0.0355 0.0405 0.0452 0.0492

-0.70 0.0159 0.0162 0.0172 0.0189 0.0214 0.0244 0.0283 0.0324 0.0368 0.0408 0.0441

-0.80 0.0150 0.0153 0.0162 0.0177 0.0199 0.0227 0.0260 0.0297 0.0335 0.0369 0.0397

-0.90 0.0141 0.0144 0.0152 0.0166 0.0186 0.0211 0.0240 0.0273 0.0305 0.0335 0.0359

-1.00 0.0133 0.0136 0.0143 0.0156 0.0174 0.0196 0.0222 0.0251 0.0279 0.0305 0.0326

-1.10 0.0126 0.0128 0.0135 0.0147 0.0163 0.0182 0.0206 0.0231 0.0256 0.0279 0.0297

-1.40 0.0106 0.0108 0.0113 0.0122 0.0134 0.0148 0.0166 0.0184 0.0201 0.0216 0.0228

-3.00 0.0048 0.0049 0.0050 0.0053 0.0056 0.0059 0.0064 0.0069 0.0072 0.0074 0.0074

-. 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 20.- THRUST DERIVATIVE, CTOc , y = 5, P = 1.15

1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 0.0000 0.0123 0.0249 0.0380 0.0520 0.0675 0.0862 0.1097 0.1412 0.1854 0.2447

0.70 0.0000 0.0100 0.0203 0.0311 0.0427 0.0556 0.0712 0.0909 0.1173 0.1546 0.2051

0.60 0.0000 0.0078 0.0160 0.0245 0.0336 0.0438 0.0560 0.0713 0.0918 0.1206 0.1600

0.50 0.0000 0.0058 0.0119 0.0182 0.0250 0.0325 0.0413 0.0521 0.0665 0.0865 0.1140

0,40 0.0000 0.0040 0.0081 0.0125 0.0171 0.0220 0.0275 0.0341 0.0427 0.0545 0.0712

0.30 0.0000 0.0023 0.0047 0.0073 0.0098 0.0124 0.0150 0.0179 0.0214 0.0263 0.0338

0.20 0.0000 0.0008 0.0017 0.0026 0.0033 0.0039 0.0040 0.0037 0.0031 0.0025 0.0027

0.10 0.0000 -0.0004 -0.0009 -0.0014 -0.0022 -0.0034 -0.0054 -0.0083 -0.0121 -0.0170 -0.0221

0.00 0.0000 -0.0016 -0.0032 -0.0050 -0.0071 -0.0098 -0.0134 -0.0182 -0.0245 -0.0325 -0.0417

-0.10 0.0000 -0.0025 -0.0052 -0.0080 -0.0112 -0.0151 -0.0200 -0.0264 -0.0344 -0.0446 -0.0568

-0.20 0.0000 -0.0034 -0.0069 -0.0106 -0.0147 -0.0195 -0.0254 -0.0329 -0.0422 -0.0540 -0.0683

-0.30 0.0000 -0.0041 -0.0083 -0.0127 -0.0176 -0.0231 -0.0298 -0.0380 -0.0481 -0.0610 -0.0769

-0.40 0.0000 -0.0047 -0.0095 -0.0145 -0.0199 -0.0260 -0.0332 -0.0419 -0.0527 -0.0663 -0.0833

-0.50 0.0000 -0.0052 -0.0104 -0.0159 -0.0217 -0.0283 -0.0359 -0.0449 -0.0561 -0.0702 -0.0880

-0.60 0.0000 -0.0056 -0.0112 -0.0170 -0.0232 -0.0300 -0.0379 -0.0472 -0.0585 -0.0729 -0.0914

-0.70 0.0000 -0.0059 -0.0118 -0.0179 -0.0243 -0.0314 -0.0394 -0.0488 -0.0602 -0.0748 -0.0937

-0.80 0.0000 -0.0061 -0.0123 -0.0186 -0.0252 -0.0323 -0.0404 -0.0498 -0.0613 -0.0761 -0.0953

-0.90 0.0000 -0.0063 -0.0126 -0.0191 -0.0258 -0.0330 -0.0411 -0.0505 -0.0620 -0.0768 -0.0963

-1.00 0.0000 -0.0064 -0.0129 -0.0194 -0.0262 -0.0334 -0.0415 -0.0508 -0.0623 -0.0771 -0.0968

-1.10 0.0000 -0.0065 -0.0130 -0.0196 -0.0264 -0.0337 -0.0417 -0.0509 -0.0623 -0.0771 -0.0970

-1.40 0.0000 -0.0065 -0.0131 -0.0197 -0.0264 -0.0334 -0.0412 -0.0502 -0.0612 -0.0760 -0.0961

-3.00 0.0000 -0.0051 -0.0101 -0.0151 -0.0203 -0.0257 -0.0318 -0.0391 -0.0488 -0.0624 -0.0820

-9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 21.- ROLL MOMENT DERIVATIVE, CL5c, y = 5, P = 1.15

1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 -0.0306 -0.0305 -0.0302 -0.0296 -0.0290 -0.0280 -0.0269 -0.0255 -0.0237 -0.0212 -0.0177

0.70 -0.0301 -0.0300 -0.0298 -0.0294 -0.0289 -0.0282 -0.0275 -0.0265 -0.0252 -0.0235 -0.020

0.60 -0.0294 -0.0294 -0.0292 -0.0289 -0.0286 -0.0281 -0.0276 -0.0270 -0.0261 -0.0250 -0.0232

0.50 -0.0286 -0.0286 -0.0284 -0.0282 -0.0280 -0.0277 -0.0274 -0.0270 -0.0264 -0.0258 -0.0247

0.40 -0.0277 -0.0276 -0.0276 -0.0274 -0.0272 -0.0270 -0.0268 -0.0265 -0.0262 -0.0259 -0.02p5

0.30 -0.0267 -0.0266 -0.0266 -0.0264 -0.0263 -0.0260 -0.0259 -0.0258 -0.0255 -0.0255 -0.0254

0.20 -0.0256 -0.0255 -0.0255 -0.0254 -0.0252 -0.0250 -0.0249 -0.0248 -0.0246 -0.0247 -0.0249

0.10 -0.0244 -0.0244 -0.0243 -0.0242 -0.0241- -0.0238 -0.0238 -0.036 -0.0235 -0.0237 -0.0242

0.00 -0.0233 -0.0233 -0.0232 -0.0231 -0.0229 -0.0226 -0.0225 -0.0224 -0.0223 -0.0226 -0.0232

-0.10 -0.0221 -0.0221 -0.0220 -0.0219 -0.0217 -0.0214 -0.0213 -0.0211 -0.0211 -0.0214 -0.0222

-0.20 -0.0210 -0.0210 -0.0209 -0.0207 -0.0205 -0.0202 -0.0201 -0.0199 -0.0198 -0.0203 -0.0212

-0.30 -0.0199 -0.0199 -0.0198 -0.0196 -0.0194 -0.0191 -0.0189 -0.0187 -0.0157 -0.0192 -0.0202

-0.40 -0.0188 -0.0188 -0.0187 -0.0185 -0.0183 -0.0179 -0.0178 -0.0176 -0.0176 -0.0181 -0.0192

-0.50 -0.0178 -0.0177 -0.0176 -0.0174 -0.0172 -0.0169 -0.0167 -0.0166 -0.0166 -0.0171 -0.0183

-0.60 -0.0168 -0.0167 -0.0166 -0.0164 -0.0162 -0.0159 -0.0157 -0.0156 -0.0156 -0.0162 -0.0175

-0.70 -0.0158 -0.0158 -0.0157 -0.0155 -0.0153 -0.0149 -0.0148 -0.0147 -0.0148 -0.0154 -0.0167

-0.80 -0.0150 -0.0149 -0.0148 -0.0146 -0.0144 -0.0141 -0.0139 -0.0138 -0.0139 -0.0146 -0.0160

-0.90 -0.0141 -0.0141 -0.0140 -0.0138 -0.0135 -0.0132 -0.0131 -0.0131 -0.0132 -0.0130 -0.0154

-1.00 -0.0133 -0.0133 -0.0132 -0.0130 -0.0128 -0.0125 -0.0124 -0.012: -0.0125 -0.0133 -0.0147

-1.10 -0.0126 -0.0125 -0.0124 -0.0122 -0.0120 -0.0118 -0.0117 -0.0117 -0.0119 -0.0127 -0.0142

-1.40 -0.0106 -0.0106 -0.0105 -0.0103 -0.0101 -0.0099 -0.0099 -0.0100 -0.0103 -0.0112 -0.0127

-3.00 -0.0048 -0.0048 -0.0048 -0.0047 -0.0047 -0.0046 -0.0048 -0.0051 -0.0057 -0.0067 -0.0082

- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 22.- PITCH MOMENT DERIVATIVE, CM , y = 5, P = 1.15

V 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 -0.0040 -0.0037 -0.0028 -0.0012 0.0011 0.0043 0.0090 0.0152 0.0234 0.0342 0.0470

0.70 -0.0057 -0.0054 -0.0047 -0.0035 -0.0017 0.0008 0.0045 0.0094 0.0160 0.0248 0.0353

0.60 -0.0072 -0.0071 -0.0065 -0.0057 -0.0043 -0.0025 0.0001 0.0038 0.0086 0.0152 0.0232

0.50 -0.0087 -0.0086 -0.0082 -0.0077 -0.0068 -0.0056 -0.0038 -0.0014 0.0017 0.0062 0.0118

0.40 -0.0100 -0.0099 -0.0097 -0.0095 -0.0090 -0.0084 -0.0075 -0.0062 -0.0044 -0.0017 0.0018

0.30 -0.0111 -0.0111 -0.0111 -0.0110 -0.0110 -0.0109 -0.0106 -0.0102 -0.0096 -0.0083 -0.0062

0.20 -0.0121 -0.0122 -0.0123 -0.0124 -0.0126 -0.0130 -0.0132 -0.0136 -0.0138 -0.0135 -0.0125

0.10 -0.0130 -0.0131 -0.0133 -0.0136 -0.0140 -0.0147 -0.0154 -0.0162 -0.0171 -0.0174 -0.0172

0.00 -0.0137 -0.0138 -0.0141 -0.0145 -0.0152 -0.0161 -0.0171 -0.0183 -0.0195 -0.0203 -0.0206

-0.10 -0.0143 -0.0144 -0.0148 -0.0153 -0.0161 -0.0172 -0.0184 -0.0198 -0.0213 -0.0224 -0.0229

-0.20 -0.0148 -0.0149 -0.0153 -0.0159 -0.0168 -0.0180 -0.0193 -0.0209 -0.0225 -0.0237 -0.0244

-0.30 -0.0152 -0.0153 -0.0157 -0.0164 -0.0173 -0.0186 -0.0200 -0.0216 -0.0233 -0.0245 -0.0253

-0.40 -0.0155 -0.0156 -0.0160 -0.0167 -0.0177 -0.0190 -0.0204 -0.0220 -0.0237 -0.0250 -0.0257

-0.50 -0.0157 -0.0158 -0.0162 -0.0169 -0.0179 -0.0192 -0.0207 -0.0223 -0.0239 -0.0251 -0.0259

-0.60 -0.0158 -0.0159 -0.0163 -0.0170 -0.0180 -0.0193 -0.0207 -0.0223 -0.0239 -0.0251 -0.0258

-0.70 -0.0158 -0.0160 -0.0164 -0.0171 -0.0181 -0.0193 -0.0207 -0.0222 -0.0238 -0.0249 -0.0256

-0.80 -0.0158 -0.0160 -0.0164 -0.0171 -0.0180 -0.0192 -0.0206 -0.0220 -0.0235 -0.0246 -0.0252

-0.90 -0.0158 -0.0159 -0.0163 -0.0170 -0.0179 -0.0191 -0.0204 -0.0218 -0.0232 -0.0242 -0.0248

-1.00 -0.0157 -0.0158 -0.0162 -0.0169 -0.0178 -0.0189 -0.0201 -0.0215 -0.0228 -0.0238 -0.0244

-1.10 -0.0156 -0.0157 -0.0161 -0.0167 -0.0176 -0.0187 -0.0199 -0.0211 -0.0224 -0.0233 -0.0239

-1.40 -0.0151 -0.0152 -0.0155 -0.0161 -0.0169 -0.0178 -0.0189 -0.0200 -0.0211 -0.0218 -0.0223

-3.00 -0.0116 -0.0117 -0.0119 -0.0122 -0.0127 -0.0132 -0.0138 -0.0144 -0.0151 -0.0155 -0.0157

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 23.- THRUST DERIVATIVE, CTac, y = 5, P = 1.15

U 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 0.0000 0.0034 0.0135 0.0297 0.0521 0.0813 0.1200 0.1731 0.2491 0.3618 0.5231

0.70 0.0000 0.0034 0.0134 0.0296 0.0520 0.0815 0.1209 0.1754 0.2535 0.3696 0.5357

0.60 0.0000 0.0034 0.0132 0.0292 0.0513 0.0806 0.1198 0.1740 0.2514 0.3656 0.5277

0.50 0.0000 0.0033 0.0129 0.0285 0.0501 0.0788 0.1169 0.1693 0.2435 0.3515 0.5025

0.40 0.0000 0.0032 0.0125 0.0276 0.0485 0.0761 0.1126 0.1621 0.2313 0.3300 0.4656

0.30 0.0000 0.0031 0.0121 0.0265 0.0465 0.0727 0.1071 0.1530 0.2160 0.3040 0.4225

0.20 0.0000 0.0029 0.0116 0.0254 0.0443 0.0690 0.1009 0.1429 0.1993 0.2761 0.3778

0.10 0.0000 0.0028 0.0110 0.0241 0.0420 0.0650 0.0943 0.1322 0.121 0.2484 0.3345

0.00 0.0000 0.0027 0.0104 0.0228 0.0395 0.0608 0.0876 0.1215 0.1652 0.2219 0.2943

-0.10 0.0000 0,0025 0.0099 0.0215 0.0371 0.0567 0.0810 0.1111 0.1491 0.1974 0.2579

-0.20 0.0000 0.0024 0.0093 0.0202 0.0346 0.0527 0.0746 0.1013 0.1342 0.1751 0.2255

-0.30 0.0000 0.0023 0.0088 0.0189 0.0323 0.0488 0.0685 0.0921 0.1205 0.1551 0.1970

-0.40 0.0000 0.0021 0.0082 0.0177 0.0300 0.0451 0.0628 0.0836 0.1081 0.1372 0.1719

-0.50 0.0000 0.0020 0.0077 0.0165 0.0279 0.0416 0.0575 0.0757 0.0969 0.1213 0.1499

-0.60 0.0000 0.0019 0.0072 0.0154 0.0259 0.0384 0.0526 0.0686 0.0868 0.1073 0.1307

-0.70 0.0000 0.0018 0.0068 0.0143 0.0240 0.0354 0.0481 0.0621 0.0777 0.0948 0.1138

-0.80 0.0000 0.0016 0.0063 0.0133 0.0222 0.0326 0.0439 0.0562 0.0696 0.0837 0.0989

-0.90 0.0000 0.0015 0.0059 0.0124 0.0206 0.0300 0.0401 0.0509 0.0623 0.0739 0.0858

-1.00 0.0000 0.0014 0.0055 0.0116 0.0190 0.0276 0.0366 0.0461 0.0557 0.0651 0.0741

-1.10 0.0000 0.0014 0.0052 0.0108 0.0176 0.0254 0.0335 0.0417 0.0498 0.0573 0.0638

-1.40 0.0000 0.0011 0.0042 0.0087 0.0140 0.0198 0.0255 0.0308 0.0353 0.0383 0.0392

-3.00 0.0000 0.0005 0.0016 0.0030 0.0042 0.0050 0.0050 0.0037 0.0005 -0.0052 -0.0147

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 24.- ROLL MOMENT DERIVATIVE, CLc, = 5, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.o000 0.9000 1.0000

0.80 0.0000 -0.0007 -0.0013 -0.0017 -0.0018 -0.0016 -0.0008 0.0003 0.0023 0.0064 0.0135

0.70 0.0000 -0.0009 -0.0018 -0.0025 -0.0029 -0.0031 -0.0028 -0.0022 -0.0010 0.0019 0.0079

0.60 0.0000 -0.0011 -0.0022 -0.0032 -0.0039 -0.0045 -0.0047 -0.0048 -0.0044 -0.0025 0.0020

0.50 0.0000 -0.0013 -0.0026 -0.0038 -0.0048 -0.0058 -0.0065 -0.0071 -0.0075 -0.0067 -0.0035

0.40 0.0000 -0.0015 -0.0030 -0.0044 -0.0056 -0.0069 -0.0080 -0.0092 -0.0103 -0.0103 -0.0084

0.30 0.0000 -0.0017 -0.0033 -0.0049 -0.0064 -0.0079 -0.0094 -0.0110 -0.0125 -0.0133 -0.0124

0.20 0.0000 -0.0018 -0.0036 -0.0053 -0.0070 -0.0088 -0.0105 -0.0124 -0.0143 -0.0156 -0.0155

0.10 0.0000 -0.0019 -0.0038 -0.0057 -0.0075 -0.0094 -0.0114 -0.0135 -0.0157 -0.0174 -0.017P

0.00 0.0000 -0.0020 -0.0040 -0.0060 -0.0079 -0.0100 -0.0120 -0.0143 -0.0167 -0.0186 -0.0199

-0.10 0.0000 -0.0021 -0.0042 -0.0062 -0.0083 -0.0104 -0.0125 -0.0149 -0.0173 -0.0194 -0.020

-0.20 0.0000 -0.0022 -0.0043 -0.0064 -0.0085 -0.0107 -0.0129 -0.0153 -0.0177 -0.0199 -0.0213

-0.30 0.0000 -0.0022 -0.0044 -0.0066 -0.0087 -0.0109 -0.0131 -0.01-F -0.010 -0.0202 -0.021R

-0.40 0.0000 -0.0022 -0.0045 -0.0067 -0.0088 -0.0110 -0.0132 -0.0156 -0.0180 -0.0203 -0.0220

-0.50 0.0000 -0.0023 -0.0045 -0.0067 -0.0089 -0.0111 -0.0133 -0.0156 -0.0190 -0.0202 -0.0220

-0.60 0.0000 -0.0023 -0.0045 -0.0068 -0.0089 -0.0111 -0.0133 -0,0156 -0.0179 -0.0201 -0.0220

-0.70 0.0000 -0.0023 -0.0046 -0.0068 -0.0089 -0.0111 -0.0132 -0.0154 -0.0177 -0.0 1Q9 -0.021P

-0.80 0.0000 -0.0023 -0.0045 -0.0067 -0.0089 -0.0110 -0.0131 -0.0153 -0.0175 -0.0197 -0.0216

-0.90 0.0000 -0.0023 -0.0045 -0.0067 -0.0098 -0.0109 -0.0129 -0.0151 -0.0173 -0.0104 -0.0214

-1.00 0.0000 -0.0023 -0.0045 -0.0067 -0.0087 -0.0108 -0.0128 -0.0149 -0.0170 -0.0101 -0.0211

-1.10 0.0000 -0.0022 -0.0045 -0.0066 -0.0086 -0.0106 -0.0126 -0.0146 -0.0167 -0.018S -0.0200

-1.40 0.0000 -0.0022 -0.0043 -0.0064 -0.0083 -0.0102 -0.0120 -0.0139 -0.0150 -0.0179 -0.0200

-3.00 0.0000 -0.0017 -0.0034 -0.0049 -0.0064 -0.0078 -0.0092 -0.0106 -0.0121 -0.013P -0.0156

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 25.- PITCH MOMENT DERIVATIVE, CMac , y = 5, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.80 0.0000Q 0.0041 0.0087 0.0141 0.0210 0.0301 0.0424 0.0594 0.0827 0.1141 0.1534

0.70 0.0000 0.0040 0.0085 0.0139 , 0.0207 0.0295 0.0417 0.0584 0.0814 0.1124 0.1508

0.60 0.0000 0.0039 0.0083 0.0135 0.0201 0.0287 0.0404 0.0565 0.0784 0.1077 0.1435

0.50 0.0000 0.0038 0.0081 0.0131 0.0194 0.0276 0.0387 0.0538 0.0741 0.1007 0.1327

0.40 0.0000 0.0037 0.0078 0.0126 0.0186 0.0263 0.0366 0.0505 0.0689 0.0924 0.1200

0.30 0.0000 0.0036 0.0075 0.0120 0.0177 0.0248 0.0344 0.0469 0.0632 0.0836 0.1069

0.20 0.0000 0.0034 0.0072 0.0115 0.0167 0.0233 0.0320 0.0432 0.0575 0.0748 0.0042

0.10 0.0000 0.0033 0.0068 0.0109 0.0158 0.0218 0.0297 0.0396 0.0620 0.0666 0.0826

0.00 0.0000 0.0031 0.0065 0.0103 0.0148 0.0203 0.0274 0.0:61 0.0468 0.0501 0.0723

-0.10 0.0000 0.0029 0.0061 0.0097 0.0139 0.0189 0.0252 0.0329 0.0420 0.0524 0.0633

-0.20 0.0000 0.0028 0.0058 0.0091 0.0130 0.0175 0.0232 0.0299 0.0377 0.0465 0.0556

-0.30 0.0000 0.0026 0.0055 0.0085 0.0121 0.0162 0.0213 0.0272 0.0339 0.0414 0.0490

-0.40 0.0000 0.0025 0.0051 0.0080 0.0113 0.0150 0.0195 0.0247 0.0306 0.0360 0.0434

-0.50 0.0000 0.0023 0.0048 0.0075 0.0105 0.0139 0.0179 0.0225 0.0276 0.0330 0.0385

-0.60 0.0000 0.0022 0.0045 0.0070 0.0098 0.0129 0.0165 0.0205 0.0250 0.0297 0.0344

-0.70 0.0000 0.0021 0.0043 0.0066 0.0092 0.0120 0.0152 0.0188 0.0227 0.0267 0.0309

-0.80 0.0000 0.0020 0.0040 0.0062 0.0085 0.0111 0.0140 0.0172 0.0206 0.0242 0.0278

-0.90 0.0000 0.0018 0.0038 0.0058 0.0080 0.0103 0.0130 0.0158 0.0188 0.0220 0.0252

-1.00 0.0000 0.0017 0.0036 0.0055 0.0075 0.0096 0.0120 0.0146 0.0172 0.0201 0.0229

-1.10 0.0000 0.0016 0.0034 0.0051 0.0070 0.0090 0.0111 0.0134 0.015R 0.0184 0.0209

-1.40 0.0000 0.0014 0.0028 0.0043 0.0058 0.0073 0.0090 0.0107 0.0125 0.0144 0.0163

-3.00 0.0000 0.0006 0.0012 0.0019 0.0025 0.0031 0.0038 0.0044 0.000.0051 0.0061 0.0073

- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 26.- THRUST DERIVATIVE, CTo, Y = 10, 8ql = 0

1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 00(000 0.0000 1.0000

1.00 0.1521 0.1540 0.1598 0.1694 0.1829 0.2007 0.2226 0.2479 0.2740 0.2054 0.3030

1.02 0.1521 0.1542 0.1606 0.1713 0.1866 0.2072 0.2323 0.2633 0.3003 0.322 0n.3390

1.04 0.1521 0.1545 0.1617 0.1736 0.1908 0.2141 0.2430 0.2794 0.3249 0.36& (1.3029

1.OR 0.1521 0.1550 0.1637 0.1779 0.1981 0.2252 0.2595 0.3034 0.3-7p 0.4211 0.410

1.12 0.1521 0.1553 0.1647 0.1801 0.2021 0.2316 0.270
A  

0 3207 0. A4a 0.4620 0.&l6o

1.16 0.1 21 0.1554 0.1654 0.1817 0.2047 0.2357 0.2768 0.3310 0.4013 0.009 (.5073

1.20 0.1521 0.1C55 0.165 0.1825 0.2062 0.2378 0.2797 0.3353 0.406a 0.5050 0.6330

1.24 0.1521 0.1 56 0.1659 0.1829 0.2067 0.2383 0.3799 0.33 3 Oaa(ol 0.n072 0.6317

1.2R 0.1521 0.1556 0.1659 0.1828 0.2064 0.2375 0.27 1 0.37la 0.a43o 0.0Oh 0.6197

1.34 0.1521 0.1555 0.1657 0.1822 0.2051 0.2348 0.2731 0. 230 0.390 0,a4P nsp7 7

1.40 0.1521 0.1555 0.1654 0.1813. 0.2032 0.2313 0.2667 0.3122 0.3723 0.) 5 (. 37

1.50 0.1521 0.1553 0.1646 0.1796 0.1998 0.2251 0.2561 0.3?04 0.3,40 0.0100 0.1007

1.60 0.1521 0.1551 0.1639 0.1780 0.1968 0.2200 0.2476 o.P20 n.P322 0.3776 (0.4-S0?

1.70 0.1521 0.1550 0.1634 0.1768 0.1946 0.2164 0.2420 0.2720 0.30R5 0.3.62 0L.2?p

1.90 0.1 21 0.1549 0.1629 0.1758 0.1931 0.2141 0.2388 0.267 0.301 n0.3450 0 .40

1.90 0.1521 0.148 0.1626 0.1752 0.1921 0.2131 0.2377 0.264 0.3000 0.3?417 _.3071

2.00 0.1521 0.1547 0.1624 0.1748 0.1916 0.2127 0.2380 0.P676 0.3010 (.343 0.3Q6P

2.10 0.1521 0.1546 0.1622 0.1745 0.1913 0.2127 0.2366 0.2360 n.30on 0. 3472 (.30>

2.20 0.1521 0.1546 0.1621 0.1742 0.1910 0.2126 0,23Q 0.2703 0.3070 0 .3407 0.4003

2.60 0.1521 0.1545 0.1616 0.1733 0.1893 0.2097 0.2245 0.?636 0.2070 0.3342 (.3706

3.00 0.1521 0.1545 0.1614 0.1727 0.1 79 0.2070 0.2297 (.25 7 0.2950 (0.3172 0.3ci

5.00 0.1521 0.1544 0.1612 0.1720 0.1865 0.2042 0.2247 0.2( 77 0.2729 0.30o6 0.327c

a 0.1521 0.1 44 0.1612 0.1720 0.1863 0.203H 0.2241 0(.24~A 0.2710 (.20.60 0.323P
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TABLE 27.- ROLL MOMENT DERIVATIVE, CL O , Y = 10, eql 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0000 0.0002 0.0004 0.0005 0.0006 0.0007 0.0006 0.0005 0.0003 -0.0004 -0.0018

1.04 -0.0000 0.0003 0.0007 0.0010 0.0012 0.0013 0.0012 0.0011 0.000 -0.0001 -0.0023

1.08 -0.0000 0.0004 0.0008 0.0012 0.0015 0.0016 0.0020 0.0019 0.0014 0.0004 -0.0026

1.12 -0.0000 0.0004 0.0009 0.0013 0.0018 0.0020 0.0027 0.0029 0.0027 0.0028 0.0024

1.16 -0.0000 0.0003 0.0007 0.0011 0.0016 0.0019 0.0028 0.0036 0.0046 0.0072 0.0113

1.20 -0.0000 0.0000 0.0001 0.0002 0.0005 0.0007 0.0013 0.0023 0.0041 0.00A4 0.0160

1.24 -0.0000 -0.0004 -0.0009 -0.0012 -0.0015 -0.0017 -0.0016 -0.0009 0.0009 0.0060 0.0159

1.2R -0.0000 -0.0011 -0.0023 -0.0033 -0.0043 -0.0053 -0.0059 -0.0061 -0.0048 0.0002 0.0112

1.34 -0.0000 -0.0024 -0.0047 -0.0071 -0.0094 -0.0119 -0.0143 -0.0163 -0.0167 -0.0131 -0.0020

1.40 -0.0000 -0.0037 -0.0075 -0.0113 -0.0152 -0.0193 -0.0236 -0.027S -0.0306 -0.0293 -0.010

1.50 -0.0000 -0.0059 -0.0120 -0.0181 -0.0246 -0.0315 -0.0390 -0.0467 -0.0536 -0.0569 -0.0520

1.60 -0.0000 -0.0079 -0.0159 -0.0241 -0.0326 -0.0419 -0.0519 -0.0626 -0.0729 -0.0603 -0.080

1.70 -0.0000 -0.0094 -0.0190 -0.0288 -0.0390 -0.0500 -0.0619 -0.0746 -0.0R75 -0.0963 -0.102P

1.80 -0.0000 -0.0107 -0.0215 -0.0324 -0.0439 -0.0560 -0.0691 -0.0833 -0.0979 -0.1112 -0.1197

1.90 -0.0000 -0.0116 -0.0233 -0.0352 -0.0474 -0.0603 -0.0742 -0.0691 -0.10-O -0.1201 -0.1320

2.00 -0.0000 -0.0123 -0.0247 -0.0372 -0.0500 -0.0634 -0.0776 -0.0928 -0.1091 -0.12F7 -0.1l05

2.10 -0.0000 -0.0129 -0.0258 -0.0388 -0.0520 -0.0655 -0.0798 -0.0951 -0.1115 -0.12PR -0.1460

2.20 -0.0000 -0.0133 -0.0266 -0.0400 -0.0534 -0.0672 -0.0814 -0.0q96 -0.112s -0.1303 -0.1"01

2.60 -0.0000 -0.0143 -0.0285 -0.0428 -0.0571 -0.0714 -0.0858 -0.1007 -0.1164 -0.1336 -0.13

3.00 -0.0000 -0.0147 -0.0294 -0.0441 -0.0589 -0.0739 -0.0891 -0.1048 -0.1213 -0.1391 -0.1-O 0

5.00 0.0000 -0.0151 -0.0303 -0.0455 -0.0609 -0.0766 -0.0027 -0.1094 -0.1270 -0.1457 -0.1 50

m 0.0000 -0.0152 -0.0304 -0.0457 -0.0612 -0.0769 -0.0930 -0.1006 -0.1274 -(j.146a1 -0.1662
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TABLE 28.- PITCH MOMENT DERIVATIVE, CM  , y = 10, 0 = 0Me0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.Pn00 0.P000 1.0000

1.00 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 0.0000 0.0006 0.0012 0.0019 0.0027 0.0035 0.0045 O.n00 0 .0005 0.0081 0.0091

1.04 0.0000 0.0012 0.0025 0.0039 0.0055 0.0073 0.0094 0.011 0.0145 0.0174 n.0902

1.08 0.0000 0.0026 0.0054 0.0084 0.0118 0.0159 0.0203 0.0305. 0.0334 .OanP 0.06 0

1,12 0.0000 0.0039 0.0080 0.0125 0.0176 0.0238 0.0305 0.03F0 0.049 0.0F9q 0.OF6q

1.16 0.0000 0.0050 0.0104 0.0163 0.0230 0.0310 0.0404 0.0516 0.0646 0.0771 0.007.

1.20 0.0000 0.0062 0.0127 0.0200 0.02S3 0.0383 0.0503 0.0F r 0.013 0.06O0 0.1129

1.24 0.0000 0.0072 0.0149 0.0234 0.0332 0.0451 0.0594 0.n768 0.0071 0.112 0.1370

1.20 0.0000 0.00R 0.0167 0.0263 0.0375 0.0509 0.0074 0.DP70 0.1110 ().1365 0.102

1.34 -0.0000 0.0091 0.018 0.0297 0.0424 0.0577 0.0765 0.O090 0.1 2 0.1071 0.10 P

1.40 -0.0000 0.0098 0.0203 0.0319 0.0455 0.'0619R .021 0.10 I 0.1363 0.1604 0,2030

1.50 -0.0000 0.0103 0.0212 0.0333 0.0473 0.0642 0.08P7 0.1000 0.1309 0.174A n.20o0

1.60 -0.0000 0.0101 0.020R 0.0326 0.0462 0.0623 0.0018 0.1055 0.1340 0.1670 0.2022

1.70 -0.0000 0.0096 0.0197 0.0308 0.0434 0.0583 0.0760 0.0 76 0.1239 0.1541 0.1977

1.80 -0.0000 0.0009 0.0183 0.0285 0.0400 0.0534 0.0053 0.06Rp 0.1117 0.1304
a  

.1710

1.90 -0.0000 0.0082 O.0166 0.0262 0.0366 0.0486 0.0620 0.0795 0.1000 0.1 I1 0.15 4

2.00 -0.0000 0.0075 0.0150 0.0239 0.0333 0.0440 0.0565 0.0714 0.06~5 0.1110 0.1301

2.10 -0.0000 0.0069 0.0141 0.0219 0.0304 0.0401 0.0512 0.064 0.0204 (0.1000 0.1230

2.20 -0.0000 0.0063 0.0129 0.0200 0.0279 0.0367 0.0468 0.057 0.0730 0.0910 0.113

2.60 -0.0000 0.0045 0.0003 0,0145 0.0204 0.0271 0.0348 0.0032 0.056 0.0670 0.0833

3.00 -0.0000 0.0034 0.0070 0.0109 0.0154 0.0307 0.0069 0.0,344 0.0432 0.053 .009

5,00 -0.0000 0.0011 0.0024 0.0038 0.005n 0.0072 0.0093 0.011) 0.n0147 0.0190 0.010

0 -0.0000 -0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 29.- THRUST DERIVATIVE, CT s , y = 10, 0q1 = 0

S 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.9000 0.9000 1.0000

1.00 -0-0000 0.0235 0.0475 0.0723 0.0986 0.1269 0.1574 0.1 92 0.2207 0.2486 0.2678

1.02 -0.0000 0.0243 0.0491 0.0749 0.1026 0.1333 0.1662 0.2028 0.22 0.2758 0.29qR

1.04 -0.0000 0.0251 0.0507 0.0776 0.1068 0.1397 0.1758 0.2173 0.2651 0.30
&
4 0.3467

1.0 -0.0000 0.0263 0.0534 0.0820 0.1135 0.1493 0.1905 0.2392 0.2067 0.3623 0.4277

1.12 -0.0000 0.0270 0.0548 0.0844 0.1171 0.1546 0.1994 0.2F53 0.315 0.2982 0o.4a
a

1.16 -0.0000 0.0274 0.0556 0.0858 0.11 2 0.1579 0.2044 0.2619 0.3337 0.422P 0.5283

1.20 -0.0000 0.0275 0.0559 0.0864 0.1202 0.1593 0.2065 0.2653 0.3300 0.4340 0.5513

1.24 -0.0000 0.0275 0.0559 0.0864 0.1203 0.1593 0.2063 0.2f50 0.3401 0.4372 0.RRP

1.28 -0.0000 0.0273 0.0557 0.0860 0.1197 0.1584 0.2046 0.2622 0.3360 0.4322 0.5654

1.34 -0.0000 0.0270 0.0551 0.0850 0.1181 0.1558 0.2002 0.2?40 0.3248 0.4164 0.651

1.40 -0.0000 0.0267 0.0543 0.0838 0.1161 0.1526 0.1960 0.462? 0.3111 0.3060 0.5607

1.50 -0.0000 0.0261 0.0530 0.0817 0.1128 0.1474 0.1867 0.P?2p 02906 0.3630 0.4602

1.60 -0.0000 0.0255 0.0519 0.0799 0.1102 0.1435 0.18S0 0.2230 0.2738 0. 3P3 0.4236

1.70 -0.0000 0.0251 0.0511 0.0707 0.1085 0.1410 0.1769 0.2!7 0.2647 0.3233 0.4001

1.90 -0.0000 0.0248 0.0505 0.0778 0.1074 0.1398 0.1755 0.215 0.9612 0.7167 0 .379

1.0 -0.0000 0.0245 0.0500 0.0773 0.1070 0.1396 0.1757 0.210 0.2O ,P7 0.31
o  

0.330

2.00 -0.0000 0.0244 0.0497 0.0769 0.1067 0.1397 0.1764 0.2176 0.?26p 0.1/' 0.3PAL

2.10 -0.0000 0.0242 0.0h94 0.0766 0.1064 0.1396 0.1769 0.2150 0.26 6 0.21 0.36

2.20 -0.0000 0.0241 0.0492 0.0762 0.1058 0.1390 0,1764 0.217 0.? 36 0.3210 0.3437

?.60 -0.0000 0.023 0.0484 0.0743 0.1024 0.1332 n.1674 0.2nP 0.2497 0.2066 0.3 02

.o00 -0n.0000 0.0237 0.0479 0.0733 0.1002 0.1293 0.1611 0.1063 0. 36a 0.9791 (0.327F

5,00 -0.0000 0.0235 0.0475 0.0723 0.09,2 0.125 0.1552 0.1871 0.2210 0.250 0.3n0

S 0.0000 0.0235 0.0475 0.0722 0.09R0 0.1254 0.1546 n .f00 0.2201 0.2672 0.2077
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TABLE 30.- ROLL MOMENT DERIVATIVE, CLs, y = 10, 61 = 0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.000 O.Q000 1.0000

1.00 -0.0000 -0.0000, -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0000 -0.0000 -0.0000 0.0000 0.0001 0.0002 0.0003 0.0003 0,0002 -0.0000 -0.0009

1.04 -0.0003 -0.0003 -0.0002 -0.0000 0.0001 0.0003 0.0005 0.0007 0.0007 0.000/ -0.0007

1.0 -0.0016 -0.0016 -0.0014 -0.0011 -0.0007 -0.0003 0.000a 0.0000 0.0013 0.0011 -0.0001

1.12 -0.0032 -0.0031 -0.0028 -0.0024 -0.0017 -0.0011 0.0000 0.0010 0.0019 0.0032 0.0042

1.16 -0.0052 -0.0050 -0.0047 -0.0041 -0.0032 -0.0023 -0.0008 0.0008 0.0029 0.0065 0.0115

1.20 -0.0076 -0.0075 -0.0071 -0.0064 -0.0055 -0.0045 -0.0029 -0.000 0.0020 0.0072 0.0153

1.24 -0.0105 -0.0103 -0.0099 -0.009, -0.0085 -0.0076 -0.0062 -0.nn00 -0.0010 0.004 0.0152

1.2 -0.0135 -0.0134 -0.0131 -0.0127 -0.0121 -0.0115 -0.0105 -0.0000 -0.nn l 0.0000 0.0116

1.34 -0.0184 -0.0123 -0.0182 -0.01F2 -0.0121 -0.0122 -0.0123 -n.0170 -0.01 9 -0.0100 0.000

1.40 -0.0231 -0.0732 -0.0233 -0.0237 -0.0244 -0.0254 -0.0266 -0.027s -0.0277 -0.02n4 -0.013P

1.50 -0.0302 -0.0?04 -0.0311 -0.0322 -0.0340 -0.0365 -0.0392 -0.0634 -0.0664 -0.045 -O.03 3

1.60 -0.0360 -0.0364 -0.0374 -0.0392 -0.0419 -0.0457 -0.0506 -0.0562 -0.0 lp -0.0 52 -0.02P

1.70 -0.0405 -0.0400 -0.0423 -0.0446 -0.0480 -0.0526 -0.0526 -0.0257 -0.0732 -0.0702 -0.OP7

1.20 -0.0439 -0.0444 -0.0459 -0.0485 -0.0524 -0.0575 -0.04? -- 0.0722 -0.0P1 -0.0801 -0.0075

1.90 -0.0464 -0.0469 -0.04R6 -0.0514 -0.0555 -0.0609 -0.0679 -O.n7A3 -n.060 -0.0-55 -0.1030

2.00 -0.0483 -0.042A -0.0506 -0.0535 -0.0577 -0.0633 -0.0703 -0.07PP -0.0-27 -0.0Qo3 -0.o02

2.10 -0.0497 -0.0503 -0.0521 -0.0551 -0.0594 -0.0649 -0.071A -0.0P0o -0.0-01 -0.1I12 -0.112

2.20 -0.050P -0.0514 -0.0533 -0.0564 -0.0607 -0.0663 -0.0731 -0.0O12 -O.0000 -0.10] -n.114A

2.20 -0.0532 -0.0530 -0.0561 -0.0597 -0.0647 -0.0705 -0.070 0 -0 R --0.0a~ -0.10 -0.118

3.00 -0.0542 -0.0550 -0.0574 -0.0614 -0.0660 -0.0738 -0.0220 -0.001
A 

-0.1012 -0.1132 -0.1'5

5.00 -0.0552 -0.0560 -0.056 -0.06?0 -0.0655 -0.0763 -0.0251 -0.0o~1 -0.1062 -0.11I1 -0.103

-0.0553 00-0.02 -0.058P -0.0631 -0.0691 -0,0765 -0,0253 -O.0as5 -0,(.10 -0.11 -0.1305
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TABLE 31.- PITCH MOMENT DERIVATIVE, CM s , y = 10, @q1 = 0

\ 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.000 000 0o.000 1.0000

1.00 0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 -0.0000 -0.0000 -0.0000 0.0000 0.0000

1.02 0.0020 0.0020 0.0022 0.0024 0.0028 0.0033 0.0039 0.001'6 0.00'a 0.0052 0.0070

1.04 0.0040 0.0041 0.0044 0.0050 0.0058 0.0068 0.0081 0.0097 0.016 0.0136 0.0197

1.0 0.007A 0.0080 0.0088 0.0101 0.0119 0.0145 0.0175 0.021- 0.0271 0.0327 0.0304

1.12 0.0115 0.0119 0.0130 0.0149 0.0177 0.0215 0.0263 0.0237 0.0a00 0.0472 0.0?3

1.16 0.0150 0.0155 0.0170 0.0195 0.0232 0.02o2 0.034P 0.0429 0.0022 0,02
0
1 0.070-

1.20 0.0182 0.0188 0.0206 0.0237 0.02R3 0.0347 0.0431 0.0024 0.061 0.0700 0,0005

1.24 0.0209 0.0216 0.0237 0.0274 0.0329 0.0105 0.0506 0.0 007 00- 94a 0.11 n

1.2S 0.0231 0.0230 0.0263 0.0305 0.0367 0.0453 0.0170 0.0719 0.0000 0.1000 0n.1Pe

1.34 0.0255 0.0264 0.0291 0.0332 0.0409 0.0507 0.0640 n.nl13 0.1024 0.12AP l? .1
o a

1.40 0.0268 0.0277 0.0306 0.0357 0.0433 0.0539 0.0621 n.0PrA 0.100r 0.1357 0,15A2

1.50 0.0271 0.0251 0.0311 0.0363 0.0440 0.0548 0.0694 0.02 S 0.1117 .1302 0.1 2

1.60 0.0260 0.0269 0.029 0.0348 0.0422 0.0525 0.0662 0.OPa4 0.1023 0.13o 0.120

1.70 0.0242 0.0251 0.0277 0.0324 0.0392 0.0485 0.0610 0.0771 0.0075 0.12pp 0.1003

1.20 0.0221 0.0229 0.0254 0.0296 0.0357 0.0&41 0.052 0.0696 0.0578 n.110o on.1

1.90 0.0201 0.0208 0.0231 0.0269 0.0324 0.0399 0.0497 0.0A2 0*07' O(.09PO n.1977

2.00 0.0182 0.01P9 0.0209 0.0245 0.0295 0.0362 0.0450 0.0561 0,0704 0.0Rs 0.1115

2.10 0p.0165 0.0171 0.0191 0.0223 0.0270 0.0332 0.0411 0.0O10 0.0237 0.0800 0.1000

2.20 0.0150 0.0156 0.0174 0.0205 0.0249 0.0307 0.03 0 0.0l71 o000.n 0.0731 0.)0P0

2.60 0.0104 0.0109 0.0124 0.0149 0.0186 0.0234 0.0295 0n.370 0.050 0.057 0.02a7

3.00 0.0076 0.000 000 0.0092 .0112 O.0141 0.0180 0.0230 0n,0o9 n.n077 0.nao2~ 0.nc'

5.00 0.0026 0.0027 0.0031 0.0038 0.0047 0.0060 0.0075 n.n00 0.0116 0.011 0.017

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.001n n.onon o0.0000 0.0nn
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TABLE 32.- THRUST DERIVATIVE, CTOc, Y = 10, q = 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.0000 1.0000

1.00 0.0000 0.0000 -0.0000 -0.OOQO -0.0000 -0.0000 -0.0001 -0.0003 -0.0006 -0.0011 -0.001R

1.02 0.0000 0.0000 0.0001 0.0001 0.0000 -0.0000 -0.0001 -0.0005 -0.0010 -0.0016 -0.0025

1.04 0.0000 0.0000 0.0000 -0.0000 -0.0001 -0.0004 -0.0006 -0.0011 -0.0018 -0.0026 -0.0039

1.0p 0.0000 -0.0002 -0.0005 -0.0008 -0.0012 -0.0016 -0.0020 -0.0028 -0.0034 -0.0051 -0.0076

1.l2 0.0000 -0.0005 -0.0011 -0.0017 -0.0024 -0.0033 -0.0044 -0.0059 -0.0075 -0.0006 -0.01P3

1.16 0.0000 -0.0009 -0.0018 -0.0028 -0.0039 -0.0053 -0.0070 -0.009A -0.0121 -0.0166 -0.0103

1.20 0.0000 -0.0012 -0.0025 -0.0038 -0.0053 -0.0071 -0.0094 -0.012P -0.0163 -0.0211 -0.0243

1.24 0.0000 -0.0016 -0.0032 -0.0048 -0.0066 -0.0087 -0.0113 -0.0149 -0.0196 -0.0256 -0.032

1.28 0.0000 -0.0019 -0.0037 -0.0056 -0.0076 -0.0098 -0.0127 -0.0166 -0.0218 -0.026p -0.0360

1.34 0.0000 -0.0022 -0.0043 -0.0064 -0.0085 -0.0109 -0.0138 -0.0176 -0.OP33 -0.0310 -0.00ao

1.40 0.0000 -0.0024 -0.0047 -0.0069 -0.0090 -0.0112 -0.0139 -0.0176 -0.02P
o  

-0.030A -0.04n0

1.50 0.0000 -0.0025 -0.0049 -0.0070 -0.0088 -0.0105 -0.0125 -0.0151 -0.010a -0.0262 --0.01'6

1.60 0.0000 -0.0024 -0.0047 -0.0066 -0.0080 -0.0091 -0.0102 -0.0117 -0.01a4 -0.0203 -0.030O

1.70 0.0000 -0.0023 -0.0044 -0.0060 -0.0071 -0.0077 -0.0080 -0.00 6 -0.0104 -0.0150 -0.0240

1.80 0.0000 -0.0021 -0.0040 -0.0065 -0.0063 -0.0066 -0.0065 -0.0066 -0.0078 -0.0118 -0.0320

1.00 0.0000 -0.0019 -0.0037 -0.0050 -0.0059 -0.0062 -0.0062 -0.0063 -0.0076 -- 0.011 -0.0200

2.00 0.0000 -0.0018 -0.0034 -0.004R -0.0059 -0.0066 -0.0071 -0.0070 -0.n007 --0.0140 -0.0230

2.10 0.0000 -0.0016 -0.0032 -0.0047 -0.0062 -0.0075 -0.0000 -0.0100 -0.010 -0.0101 -0.0pp

2.20 0.0000 -0.0015 -0.0031 -0.0047 -0.0066 -0.0087 -0.0112 -0.f014 -O.01 A -0,0251 -0.03P

P.60 0.0000 -0.0011 -0.0024 -0.0042 -0.0067 -0.0100 -0.0143 -0.0106 -0.n, 4R -0.0337 -n.O001

3.00 0.0000 -0.0008 -0.0018 -0.0032 -0.0052 -0.0079 -0.0113 -0.013? -0.01A -0.n3A4a -0.0P7

5.00 0.0000 -0.0002 -0.0006 -0.0011 -0.0017 -0.0027 -0.0039 -O.00a -0.007 -0.007 -0.0137

m -. 0(000 -0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.on00 0.nn0000 000nn
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TABLE 33.- ROLL MOMENT DERIVATIVE, CL c , y 
= 10, q = 0

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.Q000 1.000

1.00 -0.0000 -0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0000 0000 -0.0000

1.02 -0.0020 -0.0020 -0.0019 -0.0019 -0.0019 -0.0019 -0.0019 -0.0010 -0.001 -0.0020 -0,0020

1.04 -0.0040 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.0039 -0.003 -0.0039 -0.0039

1.08 -0.0078 -0.0078 -0.0078 -0.0077 -0.0077 -0.0076 -0.0076 -0.0076 -0.0075 -0.0075 -0.0075

1.12 -0.0115 -0.0115 -0.0115 -0.0114 -0.0113 -0.0112 -0.0112 -0.0111 -0.010 -0.0108 -n.010O

1.16 -0.0150 -0.0150 -0.0150 -0.0149 -0.0148 -0.0147 -0.0146 -o0.01a -o0.01o -0.Oln -0.0456

1.20 -0.0182 -0.0182 -0.0162 -0.0181 -0.0179 -0.0178 -0.0177 -0.0176 -0.0176 -0.0178 -0.0183

1.24 -0.0209 -0.0209 -0.0209 -0.0208 -0.0206 -0.0204 -0.0203 -0.0202 -0.0203 -0.020S -0.021o

1.2R -0.0231 -0.0231 -0.0231 -0.0229 -0.0228 -0.0225 -0.0224 -0.0223 -0 .p22 -o.023 -- 0.024L

1.34 -0.0255 -0.0265 -0.0254 -0.0252 -0.0249 -0.0246 -- 0.02&3 -0.0242 -0.042 -0.022 -0.0271

1.40 -0.0268 -0.0268 -0.0266 -0.0264 -0.0260 -0.0256 -0.0251 -0.0248 -0.024a -0.0269 -0.02A3

1.50 -0.0271 -0.0271 -0.0268 -0.0265 -0.0259 -0.0252 -0.0244 -0.0237 -0.0232 -0.0246 -0.0277

1.60 -0.0260 -0,0259 -0.0256 -0.0251 -0.0243 -0.0233 -0.0222 -0.0219 -0.0209 -0.0216 - 0.021

1.70 -0.0242 -0.0241 -0.0237 -0.0231 -0.0222 -0.0210 -0.0196 -0.018a -0.0177 -0.01,4 -0.021P

1.80 -0.0221 -0.0220 -0.0216 -0.0210 -0.0200 -0.0186 -0.0171 -0.015 -0.0147 -0.016 -0.0184

1.90 -0.0201 -0.0200 -0.0196 -0.0189 -0.0179 -0.0166 -0.0150 -0.0134 -0.0122 -0.0124 -0.0162

2.00 -0.0182 -0.0161 -0.0178 -0.0172 -0.0162 -0.0150 -0.0136 -0.011 -0.010 -0.010" -0.0126

2.10 -0.0165 -0.0164 -0.0161 -0.0156 -0.0149 -0.0138 -0.0125 -0.0110 -0.0007 -0.0002 -0.0106

2.20 -0.0150 -0.0149 -0.0147 -0.0144 -0.0138 -0.0131 -0.0120 -0.010P -0.0007 -0.000 -o.000

2.60 -0.0104 -0.0104 -0.0105 -0.0105 -0.0106 -0.0108 -0.0110 -0.0112 -0.011 -0.0111 -0.0102

3.00 -0,0076 -0.0077 -0.0077 -0.0078 -0.0081 -0.0084 -0.0089 -0.0009 -0.0101 -0.0104 -0.0100

5.00 -0.0026 -0.0026 -0.0026 -0.0026 -0.0026 -0.0026 -0.0026 -0.0025 -0.0023 -0.0021 -0.0017

-0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000
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TABLE 34.- PITCH MOMENT DERIVATIVE, -CMc, Y = 10, 1ql = 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.9000 0.9000 1.0000

1.00 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.02 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000

1.04 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0003 -0.0004 -0.0004 -0.0004 -0.0004

1.OR -0.0016 -0.0016 -0.0016 -0.0017 -0.0017 -0.0018 -0.0018 -0.0019 -0.0022 -0.0023 -0.0023

1.12 -0.0032 -0.0032 -0.0033 -0.0034 -0.0034 -0.0037 -0.0038 -0.0041 -0.0047 -0.004R -0.0047

1.16 -0.0052 -0.0052 -0.0053 -0.0055 -0.0057 -0.0061 -0.0064 -0.0060 -0.0075 -0.0077 -0.0076

1.20 -0.0076 -0.0077 -0.0078 -0.0081 -0.0085 -0.0091 -0.0097 -0.0104 -0.0112 -0.0117 -0.0116

1.24 -0.0104 -0.0105 -0.0108 -0.0112 -0.0118 -0.0125 -0.0135 -0.0149 -0.0157 -0.0195 -0.0169

1.2R -0.0135 -0.0136 -0.0140 -0.0145 -0.0153 -0.0164 -0.0177 -0.0192 -0.0207 -0.0219 -n.022P

1.34 -0.0183 -0.0185 -0.0189 -0.0197 -0.0208 -0.0223 -0.0241 -0.0262 -. 0O?2a -0.0302 -0.0300

1.40 -0.02.31 -0.0233 -0.0238 -0.0248 -0.0262 -0.0280 -0.0303 -0.0329 -0.0397 -0.0361 -n.0o02

1.50 -0.0302 -0.0305 -0.0312 -0.0324 -0.0341 -0.0363 -0.0391 -0.0424 -0.045 -0.0400 -0 .0op

1.60 -0.0360 -0.0363 -0.0371 -0.0384 -0.0402 -0.0427 -0.0457 -0.0492 -0.0131 -0.05,7 -0.0992

1.70 -0.0405 -0.0408 -0.0415 -0.0428 -0.0447 -0.0472 -0.0502 -0.0538 -0.0978 -0.0618 -0.0649

1.80 -0.0439 -0.0441 -0.0449 -0.0461 -0.0479 -0.0502 -0.0532 -0.0567 -0.0607 -0.06a9 -0.O 6

1.90 -0.0464 -0.0466 -0.0473 -0.0485 -0.0501 -0.0522 -0.0549 -0.0583 -0.0622 -0.0666 -0.07(0

2.00 -0.0483 -0.0485 -0.0491 -0.0502 -0.0516 -0.0536 -0.0560 -0.0091 -0.02R -0.0673 -0.0721

2.10 -0.0497 -0.0499 -0.0505 -0.0514 -0.0528 -0.0545 -0.0567 -0.0595 -o0.0o9 -0.0676 rO.072P

2.20 -0.0508 -0.0510 -0.0515 -0.0525 -0.0537 -0.0553 -0.0574 -0.0590 -0.0692 -0.0677 -0.0732

2.60 -0.0532 -0.0534 -0.0541 -0.0552 -0.0567 -0.0585 -0.0607 -0.09
3
& -0.09 9 -0.0706 -0.0750

3.00 -0.0542 -0.0544 -0.0552 -0.0565 -0.0604 -0.06F -0.0637 -0.0672 -0.0712 -0.075 -0.011

5.00 -0.0552 -0.0554 -0.0563 -0.0578 -0.0598 -0.0623 -0.0654 -0.0690 -0.0731 -0.0776 -0.Oa27

0 -0.0553 -0.0556 -0.0565 -0.0579 -0.0599 -0.0625 -0.0655 -0.o601 -0.0730 -0.0774 -0.0921
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TABLE 35.- THRUST DERIVATIVE, CTac, Y = 10, 691 = 0

S 00000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

1.00 0.0000 0.0022 0.0086 0.0184 0.0311 0.0461 0.0627 0.0795 0.0936 0.0997 0.0011

1.02 0.0000 0.0023 0.0090 0.0194 0.0331 0.0497 0.0683 0.0888 0.1115 0.1237 0.115Q

1.04 0.0000 0.0024 0.0094 0.0204 0.0351 0.0532 0.0742 0.0084 0.1269 0.1491 0.1547

1.08 0.0000 0.0026 0.0102 0.0221 0.0382 0.0583 0.0825 0.1114 0.1453 0.1826 0.2160

1.12 0.0000 0.0027 0.0106 0.0230 0.0398 0.0611 0.0875 0.1199 0.1506 0.2069 0.2'6Q

1.16 0.0000 0.0028 0.0108 0.0235 0.0407 0.0626 0.0900 0.1245 0.1660 0.2226 0.2680

1.20 0.0000 0.0028 0.0109 0.0237 0.0411 0.0632 0.0910 0.1262 0.1715 0.2301 0.3038

1.24 0.0000 0.0028 0.0109 0.0237 0.0410 0.0631 0.0907 0.125R 0.1712 0.2309 0.3078

1.28 0.0000 0.0028 0.0108 0.0236 0.0407 0.0625 0.0896 0.1239 0.168" 0.2271 0.3030

1.34 0.0000 0.0027 0.0106 0.0232 0.0400 0.0611 0.0871 0.1191 0.1610 0.2160 0.2091

1.40 0.0000 0.0027 0.0104 0.0227 0.0391 0.0595 0.0842 0.1143 0.1623 0.2024 0.2692

1.50 0.0000 0.0026 0.0101 0.0220 0.0377 0.0569 0.0796 0.106 0.1380 0.1R06 0.2363

1.60 0.0000 0.0025 0.0098 0.0213 0.0365 0.0549 0.0762 0.1006 0.1202 0.1644 0.2108

1.70 0.0000 0.0025 0.0096 0.0209 0.0357 0.0536 0.0742 0.0973 0.1234 0.1564 0.1044

1.80 0.0000 0.0024 0.0095 0.0206 0.0352 0.0529 0.0733 0.0059 0.1200 0.1409 0.1R87

1.90 0.0000 0.0024 0.0094 0.0203 0.0349 0.0527 0.0732 0.0060 0.1210 0.1400 0.1026

2.00 0.0000 0.0024 0.0093 0.0202 0.0348 0.0527 0.0736 0.0069 0.1 P2 0.1504 0.1q20

2.10 0.0000 0.0024 0.0092 0.0201 0.0347 0.0527 0.0739 0.0077 0.1730 0.1522 0.1941

2.20 0.0000 0.0023 0.0092 0.0200 0.0345 0.0526 0.0738 0.0079 0.1243 0.1F25 0.180n

2.60 0.0000 0.0023 0.0090 0.0195 0.0334 0.0505 0.0701 0.noP 0.15 0o140 0.11 6

3.00 0.0000 0.0023 0.0069 0.0192 0.0327 0.0489 0.0673 0.074 0.10l7 0.1310 0.1 3

5.00 0.000( 0.0023 0.008 0.0159 0.0320 0.0475 0.0646 0.O-p2 0.1018 0.120 0.1382

0.0000 0.0023 O,0058 0.0189 0.0320 0.0473 0.0643 b.02a 0.10onn 0.1190 0.1364

113



TABLE 36.- ROLL MOMENT DERIVATIVE, CLc , y = 10, Oql = 0

\ 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.po0n 0.0000 1.n000

1.00 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.oo00 o o.0000 -0.O00n

1.02 0.0000 -0.0000 -0.0001 -0.0001 -0.0002 -0.0004 -0.0006 -0.0009 -0.0014 -0.0023 -0.0036

1.04 0.0000 -0.0001 -0.0002 -0.0004 -0.0006 -0.000 -0.001? --0.001 -0.0025 -. 0036 -0.0062

1.0 0.0000 -0.0003 -0.0007 -0.0011 -0.0014 -0.0019 -0.0023 -0.0031 -0.00ap -0.00 8 -0.000(

1.12 0.0000 -0.0006 -0.0012 -0.0017 -0.0022 -0.0027 -0.0030 -0.0036 -0!.0046 -0.0055 -0.0070

1.16 0.0000 -0.0009 -0.0017 -0.0024 -0.0030 -0.0036 -0.0039 -0.0042 -O.0046 -0.003 -0.0032

1.20 0.0000 -0.0012 -0.0024 -0.0033 -0.004? -0.0049 -0.0053 -0.0057 -0.0057 -0*00
n

6 -0.0018

1.24 0.0000 -0.0016 -0.0031 -0.0044 -0.0056 -0.0066 -0.0074 -0.0nAn -. no00P1 -0.0067 -0.0020

1.2R 0.0000 -0.0020 -0.0039 -0.0057 -0.0072 -0.0086 -0.0089 -0.0110 -0.0116 -0.010 -0.n006

1.34 0.0000 -0.0026 -0.0052 -0.0076 -0.0099 -0.0121 -0. 0142 -. 01 -0.o01I -0.01P2 -0.0146

1,40 0.0000 -0.0033 -0.0065 -0.0096 -0.0126 -0.0156 -0.0188 -0.0222 -0.053 -0.0271 -0.0261

1.50 0.0000 -0.0042 -0.0084 -0.0126 -0.0167 -0.0211 -0.0259 -0.0?12 -0.(9 - 0.a17 -0.031

1.60 0.0000 -0.0050 -0.0100 -0.0150 -0.0201 -0.0255 -0.0O16 -0.0385 -0.0462 -0.053P -0.05P

1.70 0.0000 -0.0056 -0.0112 -0.0166 -0.0226 -0.0288 -0.0358 -0.043c -0.O042 -0.0626 -0.0700

1.80 0.0000 -0.0060 -0.0121 -0.0182 -0.0245 -0.0312 -0.06 - 0.0 - 76 -0.047 -0.06 9 -0.0(o00

1.90 0.0000 -0.0064 -0.0128 -0.0192 -0.0258 -0.0328 -0.0408 -0.0400 -0.0A09 -0.0734 -0.0641

2.00 0.0000 -0.0066 -0.0133 -0.0199 -0.0267 -0.0340 -0.0420 -0.0 16 -0.06P7 -0.0760 -0.00R

2.10 0.0000 -0.0068 -0.0136 -0.0205 -0.0274 -0.0348 -0.0 29 -0,.0 2 -0.OA6 -(1.0772 -0.n003

2.20 0.0000 -0.0070 -0.0139 -0.0209 -0.°0 0 -0 -0.14035 -0.0?R -0.06 O -0 077- -r0*.0o4

2.60 0.0000 -0.0073 -0.0146 -0.0219 -0.0294 -0.0372 -0.04-7 -0,0651 -0,0662 -0,1f700 -0.007
3

3.00 0.0000 -0.0074 -0.0149 -0.0224 -0.0302 -0.0384 -0.0474 -0.0676 -- O n68 --O. n -,.1011

5.00 0.0000 -0.0075 -0.0152 -0.0229 -0.0310 -0.0396 -0.04 1 -0.0
C0 -0.07P2 -0.066 -1.102

S 0.0000 -0.0076 -0.0152 -0.0230 -0.0311 -0.0397 -0.0493 -0.0-00 -0.*0724 -0.0 70 -0.10I
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TABLE 37.- PITCH MOMENT DERIVATIVE, CM.c , y = 10, 6ql = 0

p 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.5000 0.0000 1.0000

1.00 0.0000 -0.0000 -0.0000 -0.0000 0.0000 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 0.0000

1.02 0.0000 0.0002 0.0005 0.0008 0.0012 0.0017 0.0022 0.0028 0.0036 0.0043 0.0040

1.04 0.0000 0.0005 0.0011 0.0017 0.0025 0.0034 0.0045 0.0059 0.0075 0.0092 0.0108

1.0A 0.0000 0.0010 0.0022 0.0035 0.0051 0.0070 0.0094 0.0124 0.0163 0.020 0.025

1.12 0.0000 0.0015 0.0032 0.0052 0.0075 0.0105 0.0141 0.0186 0.0243 0.0304 0.0363

1.16 0.0000 0.0020 0.0042 0.0068 0.0099 0.0137 0.0186 0.0247 0.0322 0.0404 0.0 85

1.20 0.0000 0.0024 0.0051 0.0082 0.0120 0.0168 0.0229 0.0308 0.0404 0.0514 0.0625

1.24 0.0000 0.0028 0.0059 0.0094 0.0139 0.0195 0.0268 0.0353 0.0481 0.0618 0.0760

1.28 0.0000 0.0031 0.0065 0.0105 0.0154 0.0,18 0.0301 0.0o09 0.05F6 0.0708 0.0P7a

1.34 0.0000 0.0034 0.0071 0.0116 0.0171 0.0242 0.0336 0.0459 0.0617 0.008 0.n1013

1.40 0.0000 0.0036 0.0075 0.0122 0.0180 0.0256 0.0355 0.0487 0.0557 0.0864 0.1003

1.50 0.0000 0.0036 0.0076 0.0123 0.0182 0.0259 0.0359 0.0493 0.0665 0.080 0.1123

1.60 0.0000 0.0034 0.0073 0.0118 0.0174 0.0246 0.0341 0.0467 0.0630 0.0836 0.1075

1.70 0.0000 0.0032 0.0067 0.0109 0.0161 0.0227 0.0313 0.0427 0.0575 0.0765 0.0903

1.80 0.0000 0.0029 0.0062 0.0099 0.0146 0.0205 0.0282 0.0383 0.0516 0.06 5 0.0000

1.90 0.0000 0.0026 0.0056 0.0090 0.0132 0.0185 0.0253 0.0342 0.0460 0.0514 0.0810

2.00 0.0000 0.0024 0.0051 0.00R2 0.0119 0.0167 0.0228 0.0306 0.0410 0.054R 0.0728

2.10 0.0000 0.0022 0.0046 0.0074 0.0109 0.0152 0.0206 0.0277 O.n035 0.0403 0.066

2.20 0.0000 0.0020 0.0042 0.0068 0.0100 0.0139 0.0190 0.0254 0.0337 0.0447 0.0596

2.60 0.0000 0.0014 0.0029 0.0049 0.0073 0.0104 0.0144 0.0195 0.0p25 0.0330 0.0l1

3.00 0.0000 0.0010 0.0022 0.0036 0.0055 0.0080 0.0112 0.01A 0.0207 0.0271 0.034s

5.00 0.0000 0.0003 0.0007 0.0012 0.0018 0.0027 0.0037 0.005] 0.0067 0.00 6 0.0110

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 38.- THRUST DERIVATIVE, CT0 o, y = 10, P = 1.15

\ 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.50 0.2013 0.2049 0.2154 0.2328 0.2580 0.2931 0.3423 0.4135 0.5164 0.6640 0.8594

0,40 0.1890 0.1927 0.2036 0.2216 0.2476 0.2837 0.3338 0.4051 0.5059 0.6471 0.8286

0.30 0.1782 0.1819 0.1928 0.2109 0.2369 0.2727 0.3221 0.3910 0.4863 0.6161 0.7783

0.20 0.1685 0.1722 0.1829 0.2006 0.2260 0.2607 0.3080 0.3727 0.4601 0.5759 0.7168

0.10 0.1599 0.1634 0.1737 0.1908 0.2150 0.2479 0.2922 0.3516 0.4299 0.5310 0.6513

0.00 0.1521 0.1554 0.1652 0.1813 0.2042 0.2349 0.2756 0.3290 0.3980 0.4850 0.5870

-0.10 0.1450 0.1481 0.1573 0.1724 0.1936 0.2218 0.2587 0.3061 0.3661 0.4404 0.5267

-0.20 0.1385 0.1414 0.1500 0.1639 0.1834 0.2090 0.2420 0.2837 0.3356 0.3987 0.4719

-0.30 0.1326 0.1353 0.1432 0.1560 0.1737 0.1967 0.2260 0.2624 0.3070 0.3607 0.4231

-0.40 0.1272 0.1297 0.1369 0.1485 0.1645 0.1851 0.2109 0.2425 0.2A07 0.3266 0.3800

-0.50 0.1222 0.1244 0.1310 0.1415 0.1558 0.1741 0.1968 0.2241 0.2569 0.2962 0.3422

-0.60 0.1176 0.1196 0.1256 0.1350 0.1478 0.1639 0.1837 0.2073 0.2355 0.2693 0.3093

-0.70 0.1133 0.1151 0.1205 0.1289 0.1403 0.1545 0.1717 0.1921 0.2164 0.2455 0.2805

-0.80 0.1093 0.1110 0.1158 0.1233 0.1333 0.1458 0.1607 0.1784 0.1993 0.2246 0.2554

-0.90 0.1056 0.1071 0.1114 0.1181 0.1269 0.1378 0.1508 0.1660 0.1841 0.2062 0.2334

-1.00 0.1021 0.1035 0.1073 0.1132 0.1210 0.1305 0.1417 0.1548 0.1706 0.1900 0.2142

-1.10 0.0989 0.1001 0.1035 0.1087 0.1155 0.1238 0.1335 0.1448 0.16R6 0.1756 0.1973

-1.20 0.0958 0.0969 0.0999 0.1045 0.1104 0.1176 0.1260 0.1358 0.1478 0.1630 0.1R25

-1.40 0.0902 0.0911 0.0934 0.0970 0.1014 0.1068 0.1130 0.1204 0.1296 0.1417 0.1578

-2.00 0.0769 0.0772 0.0783 0.0797 0.0814 0.0834 0.0858 0.0889 0.0933 0.1001 0.1101

-3.00 0.0616 0.0617 0.0618 0.0618 0.0616 0.0614 0.0612 0.0615 0.0627 0.0657 0.0714

-10.00 0.0258 0.0257 0.0255 0.0249 0.0238 0.0222 0.0199 0.0173 0.0146 0.0131 0.0127

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 39.- ROLL MOMENT DERIVATIVE, CL o , y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.o000 0.9000 1.0000

0.50 -0.0000 0.0022 0.0044 0.0067 0.0091 0.0113 0.0143 0.017& 0.0208 0.026P 0.0334

0.40 -0.0000 0.0017 0.0035 0.0054 0.0073 0.0091 0.0117 0.0143 0.0171 0.0217 0.0280

0.30 -0.0000 0.0013 0.0027 0.0042 0.0057 0.0071 0.0092 0.0113 0.0134 0.0173 0.0225

0.20 -0.0000 0.0010 0.0020 0.0031 0.0042 0.0052 0.0069 0.0084 0.0100 0.0131 0.0175

0.10 -0.0000 0.0006 0.0014 0.0021 0.0029 0.0035 0.0048 0.0058 0.0069 0.0094 0.0131

0.00 -0.0000 0.0004 0.0008 0.0012 0.0017 0.0020 0.0029 0.0036 0.0013 0.0063 0.0004

-0.10 -0.0000 0.0001 0.0003 0.0005 0.0007 0.0007 0.0013 0.0016 0.0021 0.0037 0.0064

-0.20 -0.0000 -0.0000 -0.0000 -0.0001 -0.0001 -0.0003 -0.0000 0.0000 0.0003 0.0016 0.0039

-0.30 -0.0000 -0.0002 -0.0004 -0.0006 -0.0008 -0.0012 -0.0011 -0.0011 -000 0.0020

-0.40 -0,.0000 -0.0003 -0.0007 -0.0011 -0.0015 -0.0019 -0.0020 -0.0022 -0.0022 -0.0012 0.0005

-0.50 -0.0000 -0.0005 -0.0010 -0.0015 -0.0020 -0.0025 -0.0027 -0.0030 -0.0030 -0.0022 -0.0005

-0.60 -0.0000 -0.0006 -0.0012 -0.0018 -0.0024 -0.0030 -0.0033 -0.0032 -0.0037 -0.0020 -0.0015

-0.70 -0.0000 -0.0007 -0.0014 -0.0020 -0.0027 -0.0034 -0.0037 -0.0040 -0.0042 -0.0035 -0.0022

-0.80 -0.0000 -0.0007 -0.0015 -0.0022 -0.0029 -0.0036 -0.0040 -0.0044 -0.0045 -0.0039 -0.0027

-0.90 -0.0000 -0.0008 -0.0016 -0.0024 -0.0031 -0.0038 -0.0042 -0.0046 -0.0048 -0.0042 -0.0031

-1.00 -0.0000 -0.0008 -0.0017 -0.0025 -0.0032 -0.0040 -0.0044 -0.004 -0.0049 -0.0044 -0.0034

-1.10 -0.0000 -0.0008 -0.0017 -0.0025 -0.0033 -0.0040 -0.0045 -0.004R -0.0050 --0.004a --0.0036

-1.20 -0.0000 -0.0009 -0.0017 -0.0026 -0.0033 -0.0041 -0.0045 -0.0049 -0.0050 -0.0046 -0.0037

-1.40 -0.0000 -0.0009 -0.0018 -0.0026 -0.0034 -0,0041 -0.0045 -0.004P -0.00 0 -0.0046 -0.0039

-2.00 -0.0000 -0.0008 -0.0016 -0.0024 -0.0031 -0.0037 -0.0041 -0.0043 -0.0045 -0.0042 -0.0037

-3.00 -0.0000 -0.0006 -0.0013 -0.0019 -0.0024 -0.0029 -0.0032 -0.0025 -0.0036 -0.0036 -0.0033

-10.00 -0.0000 -0.0001 -0.0003 -0.0005 -0.0008 -0.0010 -0.0013 -0.0015 -0.0019 -0.0020 -0.0020

00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000 0.0000
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TABLE 40.- PITCH MOMENT DERIVATIVE, CMeo, y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.;000 0.0000 1.0000

0.50 0.0000 0.0060 0.0123 0.0194 0.0275 0.0376 0.0497 0.0hA 0.0875 0.1126 0.1400

0.40 0.0000 0.0058 0.0119 0.0187 0.0266 0.0364 0.0481 0.0635 0.0837 0.1065 0.1301

0.30 0.0000 0.0055 0.0114 0.0170 0.0255 0.0348 0.0460 0.0603 0.0787 0.0986 0.11 1

0.20 0.0000 0.0053 0.0109 0.0171 0.0243 0.0331 0.0435 0.0565 0.0729 0.0 6O 0.1055

0.10 0.0000 0.0050 0.0103 0.0162 0.0230 0.0312 0.0407 0.0526 0.0667 0.0660 0.0032

0.00 0.0000 0.0048 0.0098 0.0153 0.0216 0.0292 0.0379 0.0482 0.006 0.070721 0.019

-0.10 0.0000 0.0045 0.0092 0.0144 0.0203 0.0272 0.0351 0.0442 0.0547 0.0642 0.071R

-0.20 0.0000 0.0042 0.0087 0.0135 0.0190 0.0253 0.0323 0.0403 0.Oa 0 0.0570 0.0630

-0.30 0.0000 0.0040 0.0082 0.0127 0.0177 0.0234 0.0297 0.0367 0.0443 0.0506 0.0554

-0.40 0.0000 0.0037 0.0077 0.0118 0.0164 0.0216 0.0272 0.0323 0.030 0.0451 0.0469

-0.50 0.0000 0.0035 0.0072 0.0110 0.0153 0.0200 0.0249 0.0303 0.0358 0.0402 0.0433

-0.60 0.0000 0.0033 0.0067 0.0103 0.0142 0.0184 0.0229 0.0275 0.0324 0.0361 0.0386

-0.70 0.0000 0.0031 0.0063 0.0096 0.0131 0.0170 0.0210 0.0251 0.0203 0.0325 0.0346

-0.80 0.0000 0.0029 0.0058 0.0089 0.0122 0.0157 0.0193 0.0229 0.0266 0.0203 0.0311

-0.90 0.0000 0.0027 0.0055 0.0083 0.0113 0.0145 0.0177 0.0210 0.OP24 0.0266 0.0282

-1.00 0.0000 0.0025 0.0051 0.0077 0.0105 0.0135 0.0163 0.0103 0.02 2 0.0243 0.0256

-1.10 0.0000 0.0023 0.0048 0.0072 0.0098 0.0125 0.0151 0.0177 0.0203 0.0222 0.0234

-1.20 0.0000 0.0022 0.0044 0.0067 0.0091 0.0116 0.0140 0.0164 0.0187 0.0204 0.0215

-1.40 0.0000 0.0019 0.0039 0.0059 0.0079 0.0100 0.0121 0.0141 0.0161 0.0175 0.0184

-2.00 0.0000 0.0013 0.0027 0.0041 0.0054 0.0069 0.0083 0.0097 0.0110 0.0121 0.0127

-3.00 0.0000 0.0008 0.0016 0.0024 0.0033 0.0043 0.0053 0.0063 0.0073 0.0061 0.006R

-10.00 0.0000 0.0001 0.0002 0.0004 0.0006 0.0008 0.0010 0.0013 0.0015 0.0016 0.0017

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 41.- THRUST DERIVATIVE, CTes , y = 10, P = 1.15

0.0000 0,1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.50 0.0000 0.0351 0.0707 0.1076 0.1475 0.1929 0.2481 0.3200 0.4165 0.5483 0.7182

0.40 0.0000 0.0336 0.0679 0.1039 0.1432 0.1885 0.2439 0.3155 0.4107 0.5383 0.6987

0.30 0.0000 0.0320 0.0649 0.0997 0.1380 0.1824 0.2366 0.3063 0.3973 0.5168 0.6632

0.20 0.0000 0.0305 0.0618 0.0952 0.1321 0.1749 0.2271 0.2932 0.3782 0.4872 0.6180

0.10 -0.0000 0.0289 0.0587 0.0904 0.1256 0.1664 0.2158 0.2776 0.3555 0.4533 0.568P

0.00 -0.0000 0.0273 0.0555 0.0855 0.1188 0.1572 0.2034 0.2603 0.3309 0.417P 0.5194

-0.10 -0.0000 0.0257 0.0522 0.0805 0.1118 0.1477 0.1905 0.2425 0.3060 0.3829 0.4724

-0.20 -0.0000 0.0242 0.0491 0.0756 0.1048 0.1382 0.1776 0.2247 0.2816 0.3499 0.4291

-0.30 -0.0000 0.0226 0.0460 0.0708 0.0980 0.1288 0.1649 0.2076 0.2;86 0.3193 0.3899

-0.40 -0.0000 0.0212 0.0430 0.0661 0.0913 0..1198 0.1527 0.1914 0.2372 0.2914 0.3'48

-0.50 -0.0000 0.0198 0.0401 0.0616 0.0850 0.1112 0.1412 0.1762 0.217 0.2663 0.3236

-0.60 -0.0000 0.0185 0.0374 0.0574 0.0790 0.1031 0.1305 0.1623 0.1997 0.2438 0.2959

-0.70 -0.0000 0.0172 0.0348 0.0534 0.0733 0.0955 0.1206 0.1490 0.1P35 0.2236 0.2713

-0.80 -0.0000 0.0160 0.0324 0.0496 0.0681 0.0885 0.1115 0.1379 0.1689 0.2056 0.2495

-0.90 -0.0000 0.0149 0.0302 0.0461 0.0632 0.0821 0.1031 0.1273 0.1558 0.185 0.2300

-1.00 -0.0000 0.0139 0.0281 0.0429 0.0587 0.0761 0.0955 0.1177 0.1439 0.1751 0.2126

-1.10 -0.0000 0.0130 0.0262 0.0399 0.0546 0.0707 0.0885 0.1090 0.1333 0.1621 0.1970

-1.20 -0.0000 0.0121 0.0244 0.0372 0.0508 0.0657 0.0822 0.1011 0.1236 0.1505 0.1 30

-1.40 -0.0000 0.0105 0.0212 0.0323 0.0440 0.0569 0.0711 0.097 0.1070 0.1304 0.15 

-2.00 -0.0000 0.0071 0.0143 0.0218 0.0296 0.0382 0.0477 0.0 88 0.0724 0.066A 0.1078

-3.00 -0.0000 0.0040 0.0082 0.0124 0.0168 0.0217 0.0272 0.0339 0.0422 0.0519 0.0825

-10.00 -0.0000 0.0005 0.0010 0.0017 0.0024 0.0033 0.0044 0.0063 0.0090 0.0121 0.0124

-_ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 42.- ROLL MOMENT DERIVATIVE, CL s , y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.50 -0.0006 -0.0003 0.0005 0.0019 0.0038 0.0060 0.0091 0.0125 0.0163 0.0220 0.0291

0.40 -0.0015 -0.0012 -0.0005 0.0007 0.0023 0.0042 0.0070 0.0100 0.0134 0.0184 0.0249

0.30 -0.0023 -0.0021 -0.0015 -0.0004 0.0009 0.0025 0.0049 0.0075 0.0104 0.0149 0.0206

0.20 -0.0032 -0.0030 -0.0024 -0.0016 -0.0004 0.0008 0.0029 0.0051 0.0076 0.0115 0.0166

0.10 -0.0039 -0.0038 -0.0033 -0.0026 -0.0016 -0.0006 0.0011 0.0029 0.0050 0.0084 0.0130

0.00 -0.0046 -0.0045 -0.0042 -0.0036 -0.0028 -0.0019 -0.0004 0.0010 0.0026 0.0058 0.0090

-0.10 -0.0053 -0.0052 -0.0049 -0.0044 -0.0038 -0.0031 -0.0019 -0.0006 0.0009 0.0036 0.0073

-0.20 -0.0058 -0.0058 -0.0055 -0.0052 -0.0047 -0.0041 -0.0031 -0.0020 -0.0006 0.0017 0.0052

-0.30 -0.0063 -0.0063 -0.0061 -0.0058 -0.0054 -0.0050 -0.0041 -0.003? -0.001) 0.0002 0.0034

-0.40 -0.0068 -0.0067 -0.0066 -0.0064 -0.0061 -0.0057 -0.0050 -0.0041 -0.0030 -0.0009 0.0020

-0.50 -0.0071 -0.0071 -0.0070 -0.0068 -0.0066 -0.0063 -0.0057 -0.0049 -0.0038 -0.0016 0.000A

-0.60 -0.0074 -0.0074 -0.0073 -0.0072 -0.0070 -0.0068 -0.0062 -0.0055 -0.0045 -0.0026 -0.0000

-0.70 -0.0076 -0.0076 -0.0076 -0.0075 -0.0073 -0.0072 -0.0067 -0.0060 -0.0050 -0.0033 -0.000R

-0.80 -0.0078 -0.0078 -0.0078 -0.0077 -0.0076 -0.0075 -0.0070 -0.0064 -0.0054 -0.003P -0.0014

-0.90 -0.0079 -0.0079 -0.0079 -0.0079 -0.0078 -0.0077 -0.0072 -0.0066 -0.0057 -0.0042 -0.0020

-1.00 -0.0080 -0.0080 -0.0080 -0.0080 -0.0079 -0.0078 -0.0074 -0.0068 -0.0060 -0.0045 -0.0024

-1.10 -0.0081 -0.0081 -0.0081 -0.0081 -0.R000 -0.0079 -0.0075 -0.0070 -0.0061 -0.0047 -0.002R

-1.20 -0.0081 -0.0081 -0.0081 -0.0081 -0.0081 -0.0080 -0.0076 -0.0071 -0.0063 -0.0049 -0,0031

-1.40 -0.0080 -0.0080 -0.0081 -0.0081 -0.0080 -0.0080 -0.0077 -0.0072 -0.0064 -0.0052 -0.0036

-2.00 -0.0075 -0.0075 -0.0076 -0.0076 -0.0076 -0.0076 -0.0073 -0.0060 -0.0063 -0.0054 -0.00a
3

-3.00 -0.0064 -0.0064 -0.0064 -0.0064 -0.0065 -0.0065 -0.0063 -0.0060 -0.0056 -0.0050 -0.0043

-10.00 -0.0025 -0.0025 -0,0025 -0.0025 -0.0025 -0.0025 -0.0024 -0.0022 -0.0020 -0.0017 -0.0017

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 O.0000 0.0000 0.0000 0.00n0
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TABLE 43.- PITCH MOMENT DERIVATIVE, CM s , y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 O.Q000 1.0000

0.50 0.0155 0.0161 0.0180 0.0212 0.0259 0.0325 0.0412 0.0530 0.0692 0.0861 0.1087

0.40 0.0154 0.0160 0.0178 0.0209 0.0254 0.0318 0.0402 0.0515 0.0667 0.083 0.1017

0.30 0.0152 0.0158 0.0175 0.0204 0.0247 0.0308 0.0387 0.0493 0.0631 0.0781 0.Oqq

0.20 0.0150 0.0155 0.0171 0.0198 0.0239 0.0296 0.0369 0.065 0.0558 0.0716 0.035

0.10 0.0146 0.0151 0.0166 0.0191 0.0229 0.0281 0.0348 0.0434 0.041 0.0647 0.07&?

0.00 0.0142 0.0146 0.0160 0.0184 0.0218 0.0266 0.0326 0.040 0.0403 0.0561 0.0654

-0.10 0.0137 0.0141 0.0154 0.0175 0.0207 0.0250 0.0304 0.0370 0.0447 0.0518 0.0575

-0.20 0.0132 0.0136 0.0147 0.0167 0.0195 0.0233 0.0281 0.0338 0.0403 0.0461 0.0906

-0.30 0.0126 0.0130 0.0140 0.0158 0.0183 0.0217 0.0259 0.030Q 0.0364 0.0411 0.0445

-0.40 0.0121 0.0124 0.0133 0.0149 0.0172 0.0202 0.0239 0.02OP 0.0327 0.03A6 0.0303

-0.50 0.0115 0.0118 0.0126 0.0140 0.0161 0.0187 0.0220 0.0256 0.025 0 0,6 .0347

-0.60 0.0109 0.0111 0.0119 0.0132 0.0150 0.0174 0.0202 0.0233 0.0266 0.0202 0.030s

-0.70 0.0103 0.0105 0.0112 0.0124 0.0140 0.0161 0.0165 0.0212 0.0240 0.0262 0.0275

-0.80 0.0098 0.0100 0.0106 0.0116 0.0130 0.0149 0.0170 0.01o 0.0217 0.035 0.0245

-0.90 0.0092 0.0094 0.0099 0.0109 0.0121 0.0138 0.0157 0.0177 0.0197 0.0212 0.0?20

-1.00 0.0087 0.008 0.0094 0.0102 0.0113 0.0127 0.0144 0.0162 0.0179 0.0192 0.019R

-1.10 0.0082 0.0083 0.0088 0.0095 0.0105 0.0118 0.0133 0.0145 0.0100163 0.0174 0.0176

-1.20 0.0077 0.0070 0.0083 0.0089 0.0098 0.0109 0.013 0.0 n.01 0.0155 0.0161

-1.40 0.0069 0.0070 0.0073 0.0078 0.0086 0.0094 0.0105 0.0116 0.0125 0.0132 0.0133

-2.00 0.0049 0.0049 0.0051 0.0054 0.0058 0.0062 0.0068 0.0073 0.0077 0.007P 0.0077

-3.00 0.0029 0.0029 0.0030 0.0030 0.0032 0.0033 0.0036 0.0037 0.003 0.0036 0.0032

-0.00 0.0003 0.0003 0.0003 0.0002 0.0002 0.0002 0.0002 0.000? 0.0001 -0.0000 -0.00)?

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.000 0.0000 0.0(00 0.0000
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TABLE 44.- THRUST DERIVATIVE, CTe c , y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.5000 0.0000 1.0000

0.50 0.0000 0.0087 0.0175 0.0265 0.0359 0.0460 0.0580 0.0730 0.0026 ' 0.1190 0.1630

0.40 0.0000 0.0064 0.0129 0.0195 0.0265 0.0342 0.0433 0.0545 0.091 0.0R884 0.ll

0.30 0.0000 0.0042 0.0086 0.0131 0.0178 0.0230 0.0291 0.0365 0.0460 0.052 0.0727

0.20 0.0000 0.0023 0.0047 0.0072 0.0098 0.0127 0.0159 0.0197 0.0245 0.0305 0.03P3

0.10 0.0000 0.0006 0.0013 0.0020 0.0027 0.0033 0.0039 0.0045 0.0053 0.0062 0.0075

0.00 0.0000 -0.0008 -0.0016 -0.0025 -0.0035 -0.0048 -0.0064 -0.0085 -0.0110 -0.0141 -0.0174

-0.10 0.0000 -0.0021 -0.0042 -0.0064 -0.0090 -0.0118 -0.0153 -0.0196 -0.0246 -0.0300 -0.037P

-0.20 0.0000 -0.0032 -0.0064 -0.0098 -0.0135 -0.0178 -0.0228 -0.02R7 -0.03-7 -0.0443 -0.0540

-0.30 0.0000 -0.0041 -0.0082 -0.0126 -0.0174 -0.0226 -0.0289 -0.0351 -0.0145 -0.05a4 -0.0 
F
,

-0.40 0.0000 -0.0048 -0.0098 -0.0149 -0.0204 -0.0266 -0.0337 -0.0410 -0.0514 -0.0620 -0.0767

-0.50 0.0000 -0.0054 -0.0110 -0.0167 -0.0229 -0.0297 -0.0375 -0.0463 -0.05'6 -0.0592 -0.0O44

-0.60 0.0000 -0.0059 -0.0119 -0.0182 -0.0248 -0.0321 -0.0403 -0.0497 -0.0605 -0.073P -0.090?

-0.70 0.0000 -0.0063 -0.0126 -0.0192 -0.0263 -0.0339 -0.0424 -0.0521 -0.0634 -0.0773 -0.0947

-0.80 0.0000 -0.0065 -0.0132 -0.0200 -0.0273 -0.0352 -0.0439 -0.0535 -0.064 -0.079P -0.0080

-0.90 0.0000 -0.0067 -0.0135 -0.0206 -0.0280 -0.0360 -0.0449 -0.0549 -0,0667 -0.0815 -0.1005

-1.00 0.0000 -0.006P -0.0138 -0.0209 -0.0284 -0.0365 -0.04 4 -0.0F5 -0.0574 -0.0925 -0.1022

-1.10 0.0000 -0.0069 -0.0139 -0.0211 -0.0286 -0.0367 -0.0457 -0.0558 -0.0678 -0.0532 -0.1034

-1.20 0.0000 -0.0069 -0.0139 -0.0211 -0.0286 -0.0367 -0.0456 -0.057 -0.0679 -0.0834 -0.1041

-1.40 0.0000 -0.0068 -0.0137 -0.0208 -0.0282 -0.0361 -0.0449 -0.0.49 -0.0671 -0.030 -0.1045

-2.00 0.0000 -0.0061 -0.0123 -0.0156 -0.0253 -0.0325 -0.0405 -0.0D00 -0.0619 -0.0781 -0.100R

-3.00 0.0000 -0.0047 -0.0095 -0.0144 -0.0196 -0.0254 -0.0320 -0.0401 -0.0o09 -0.0667 -0(.089

-10,00 0.0000 -0.0012 -0.0025 -0.003R -0.0053 -0.0071 -0.0095 -0.0129 -0.0100 -0.0304 -0.0507

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.)00 0.0000 0.0000 n.000oo
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TABLE 45.- ROLL MOMENT DERIVATIVE, CL6 c, Y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.5000 0.9000 1.0000

0.50 -0.0155 -0.0154 -0.0151 -0.0147 -0.0141 -0.0134 -0.0126 -0.0117 -0.0106 -0.0093 -0.0076

0.40 -0.0154 -0.0154 -0.0151 -0.0148 -0.0144 -0.0138 -0.0132 -0.0126-0 -0.0115 -0.010R -0.0097

0.30 -0.0152 -0.0152 -0.0150 -0.0148 -0.0145 -0.0141 -0.0137 -0.0132 -0.0127 -0.0120 -0.0113

0.20 -0.0150 -0.0149 -0.0148 -0.0147 -0.0145 -0.0142 -0.0139 -0.0136 -0.0132 -0.0129 -0.0124

0.10 -0.0146 -0.0146 -0.0145 -0.0144 -0.0143 -0.0141 -0.0139 -0.0137 -0.0135 -0.0133 -0.0132

0.00 -0.0142 -0.0142 -0.0141 -0.0141 -0.0140 -0.0138 -0.0138 -0.0137 -0.0135 -0.0135 -0.0136

-0.10 -0.0137 -0.0137 -0.0137 -0.0136 -0.0136 -0.0134 -0.0135 -0.0134 -0.0133 -0.0135 -0.013R

-0.20 -0.0132 -0.0132 -0.0132 -0.0131 -0.0131 -0.0130 -0.0130 -0.0731 -0.0131 -0.0133 -0.0137

-0.30 -0.0126 -0.0126 -0.0126 -0.0126 -0.0126 -0.0125 -0.0126 -0.0126 -0.0127 -0.0130 -0.0136

-0.40 -0.0121 -0.0120 -0.0120 -0.0120 -0.0120 -0.0119 -0.0120 -0.0121 -0.0122 -0.0127 -0.0134

-0.50 -0.0115 -0.0115 -0.0115 -0.0114 -0.0114 -0.0114 -0.0115 -0.0116 -0.0118 -0.0123 -0.0131

-0.60 -0.0109 -0.0109 -0.0109 -0.0109 -0.0109 -0.0108 -0.0109 -0.0111 -0.0113 -0.0119 -0.0129

-0.70 -0.0103 -0.0103 -0.0103 -0.0103 -0.0103 -0.0102 -0.0104 -0.0106 -0.010 -0.0115 -0.0125

-0.80 -0.0098 -0.0097 -0.0097 -0.0097 -0.0097 -0.0097 -0.0099 -0.0101 -0.0104 -0.0111 -0.0122

-0.90 -0.0092 -0.0092 -0.0092 -0.0092 -0.0092 -0.0092 -0.0093 -0.0096 -0.0099 -0.0107 -0.0119

-1.00 -0.0087 -0.0087 -0.0087 -0.0087 -0.0087 -0.0087 -0.0089 -0.0091 -0.0005 -0.0103 -0.0116

-1.10 -0.0082 -0.0082 -0.0082 -0.0082 -0.0082 -0.0082 -0.0084 -0.0087 -0.0001 -0.0099 -0.0113

-1.20 -0.0077 -0.0077 -0.0077 -0.0077 -0.0077 -0.0077 -0.0079 -0.0082 --0.007 -0.0096 -0.0110

-1.40 -0.0069 -0.0069 -0.0068 -0.0068 -0.0069 -0.0069 -0.0071 -0.0075 -0.0079 -0.0089 -0.0104

-2.00 -0.0048 -0.0048 -0.0048 -0.0048 -0.0049 -0.0049 -0.0052 -0.0056 -0.0062 -0.0073 -0.0089

-3.00 -0.0029 -0.0029 -0.0028 -0.0028 -0.0029 -0.0029 -0.0032 -0.0035 -0.0041 -0.0053 -0.0070

-10,00 -0.0003 -0.0003 -0.0003 -0.0002 -0.0002 -0.0003 -0.0004 -0.0006 -0.0010 -0.001R -0.0033

-m 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 46.- PITCH MOMENT DERIVATIVE, CM c  y = 10, P = 1.15

0.000p 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.50 -0.0006 -0.0005 -0.0001 0.0005 0.0014 0.0027 0.0045 0.0068 0.0097 0.0136 0.0179

0.40 -0.0015 -0.0014 -0.0011 -0.0007 -0.0000 0.0008 0.0021 0.0037 0.0057 0.0046 0.0113

0.30 -0.0023 -0.0023 -0.0021 -0.0018 -0.0014 -0.0009 -0.0001 0.0007 0.0019 0.0035 0.0054

0.20 -0.0032 -0.0031 -0.0031 -0.0029 -0.0028 -0.0026 -0.0022 -0.001A -0.0014 -0.0006 0.0003

0.10 -0.0039 -0.0039 -0.0039 -0.0040 -0.0040 -0.0041 -0.0041 -0.0041 -0.0043 -0.0041 -0.0036

0.00 -0.0046 -0.0047 -0.0047 -0.0049 -0.0051 -0.0054 -0.0057 -0.0061 -0.0067 -0.0069 -0.0067

-0.10 -0.0053 -0.0053 -0.0054 -0.0057 -0.0060 -0.0066 -0.0070 -0.0077 -0,0086 -0.0000 -0.0091

-0.20 -0.0058 -0.0059 -0.0061 -0.0064 -0.0068 -0.0075 -0.0081 -0.0090 -0.0100 -0.0106 -n.0107

-0.30 -0.0063 -0.0064 -0.0066 -0.0070 -0.0075 -0.0082 -0.0090 -0.0099 -0.0111 -0.0117 -0.0119

-0.40 -0.0068 -0.0068 -0.0071 -0.0075 -0.0080 -0.0088 -0.0096 -0.0107 -0.011R -0.0125 -0.0127

-0.50 -0.0071 -0.0072 -0.0074 -0.0079 -0.0085 -0.0093 -0.0101 -0.0112 -0.0124 -0.0130 -0.0132

-0.60 -0.0074 -0.0075 -0.0077 -0.0082 -0.0088 -0.0097 -0.0105 -0.0115 -0.0127 -0.0133 -0.0135

-0.70 -0.0076 -0.0077 -0.0080 -0.0084 -0.0090 -0.0099 -0.0107 -0.0117 -0.0128 -0.0134 -0.0136

-0.80 -0.0078 -0.0079 -0.0081 -0.0086 -0.0092 -0.0100 -0.0109 -0.0118 -0.0129 -0.0134 -0.0136

-0.90 -0.0079 -0.0080 -0.0083 -0.0087 -0.0093 -0.0101 -0.0109 -0.011B -0.0129 -0.0134 -0.0135

-1.00 -0.0080 -0.0081 -0.0083 -0.0088 -0.0094 -0.0102 -0.0109 -0.0118 -0.0128 -0.0133 -0.0133

-1.10 -0.0081 -0.0081 -0.0084 -0.0088 -0.0094 -0.0101 -0.0109 -0.0117 -0.0127 -0.0131 -0.0131

-1.20 -0.0081 -0.0081 -0.0084 -0.0088 -0.0093 -0.0101 -0.0108 -0.0116 -0.0125 -0.0129 -0.0129

-1.40 -0.0080 -0.0081 -0.0083 -0.0087 -0.0092 -0.0099 -0.0105 -0.0112 -0.0121 -0.0124 -0.0124

-2.00 -0.0075 -0.0076 -0.0077 -0.0080 -0.0084 -0.0090 -0.0095 -0.0100 -0.0106 -0.0109 -0.0106

-3.00 -0.0064 -0.0064 -0.0065 -0.0067 -0.0070 -0.0074 -0.0077 -0.0081 -0.OR5 -0.OOR5 -0.0081

-10.00 -0.0025 -0.0025 -0.0025 -0.0026 -0.0026 -0.0026 -0.0027 -0.0028 -0.0029 -0.0029 -0.0027

-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 47.- THRUST DERIVATIVE, CTa c , Y = 10, P = 1.15

1 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.9000 1.0000

0.50 0.0000 0.0034 0.0133 0.0290 0.0501 0.0772 0.1119 0.1583 0.2220 0.3127 0.4362

0.40 0.0000 0.0033 0.0129 0.0282 0.0489 0.0756 0.1100 0.1556 0.2177 0.3043 0.4188

0.30 0.0000 0.0032 0.0124 0.0272 0.0473 0.0732 0.1065 0.1503 0.2088 0.2884 0.3906

0.20 0.0000 0.0030 0.0119 0.0261 0.0453 0.0700 0.1017 0.1427 0.1965 0.2675 0.3;61

0.10 0.0000 0.0029 0.0113 0.0248 0.0430 0.0663 0.0959 0.1336 0.120O 0.2439 0.3192

0.00 0.0000 0.0028 0.0108 0.0234 0.0406 0.0623 0.0896 0.1237 0.1664 0.2197 0.2P29

-0.10 0.0000 0.0026 0.0101 0.0220 0.0380 0.0581 0.0829 0.113& 0.1508 0.1961 0.2486

-0.20 0.0000 0.0024 0.0095 0.0206 0.0354 0.0538 0.0762 0.1032. 0.1356 0.1739 0.2174

-0.30 0.0000 0.0023 0.0089 0.0192 0.0328 0.0496 0.0697 0.0035 0.1213 0.1535 0.I293

-0.40 0.0000 0.0021 0.0083 0.0178 0.0303 0.0455 0.0635 0.0842 0.1082 0.1350 0.1644

-0.50 0.0000 0.0020 0.0077 0.0165 0.0279 0.0416 0.0576 0.0757 0.0991 0.1185 0.a

-0.60 0.0000 0.0019 0.0072 0.0152 0.0256 0.0380 0.0521 0.0678 0.0853 0.1039 0.1232

-0.70 0.0000 0.0017 0.0066 0.0140 0.0235 0.0346 0.0470 0.0607 0.0755 0.0908 0.1062

-0.80 0.0000 0.0016 0.0061 0.0129 0.0215 0.0314 0.0424 0.0542 0.0667 0.0793 0.0913

-0.90 0.0000 0.0015 0.0057 0.0119 0.0196 0.0285 0.0382 0.0484 0.0589 0.0691 0.0782

-1.00 0.0000 0.0014 0.0052 0.0109 0.0179 0.0259 0.0343 0.0431 0.0519 0.0600 0.0666

-1.10 0.0000 0.0013 0.0048 0.0101 0.0164 0.0235 0.0309 0.0383 0.0457 0.0519 0.0563

-1.20 0.0000 0.0012 0.0045 0.0092 0.0149 0.0213 0.0277 0.0341 0.0401 0.0447 0.0472

-1.40 0.0000 0.0010 0.0038 0.0078 0.0125 0.0174 0.0223 0.0267 0.0305 0.0326 0.0318

-2.00 0.0000 0.0007 0.0025 0.0048 0.0073 0.0095 0.0111 0.0119 0.0114 0.0084 0.0013

-3.00 0.0000 0.0004 0.0014 0.0024 0.0030 0.0030 0.0019 -0.0004 -0.0046 -0.0123 -0.0255

-10.00 0.0000 0.0002 0.0006 0.0004 -0.0010 -0.0043 -0.0098 -0.0180 -0.0290 -0.0433 -0.0629

-- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 48.- ROLL MOMENT DERIVATIVE, CLa., Y = 10, P = 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0.0000 1.0000

0.50 0.0000 -0.0002 -0.0004 -0.0004 -0.0000 0.0003 0.0013 0.0024 0.0036 0.0060 0.0095

0.40 0.0000 -0.0004 -0.0007 -0.0008 -0.0006 -0.0004 0.0002 0.0000 0.0018 0.0037 0.0064

0.30 0.0000 -0.0005 -0.0009 -0.0012 -0.0012 -0.0012 -0.0008 -0.0004 0.0000 0.0013 0.0034

0.20 0.0000 -0.0006 -0.0011 -0.0015 -0.0018 -0.0020 -0.0018 -0.0016 -0.0008 0.0ono

0.10 0.0000 -0.0007 -0.0014 -0.0019 -0.0023 -0.0027 -0.0028 -0.0029 -0.0031 -0.0028 -0.0019

0.00 0.0000 -0.0008 -0.0016 -0.0022 -0.0028 -0.0033 -0.0036 -0.0040 -0.0045 -0.0045 -0.0040

-0.10 0.0000 -0.0009 -0.0017 -0.0025 -0.0032 -0.0039 -0.0043 -0.0049 -0.0056 -0.0059 -0.0058

-0.20 0.0000 -0.0010 -0.0019 -0.0028 -0.0035 -0.0043 -0.0050 -0.0057 -0.0065 -0.0070 -0.0072

-0.30 0.0000 -0.0010 -0.0020 -0.0030 -0.0038 -0.0047 -0.0055 -0.0063 -0.0073 -0.0079 -0.0083

-0.40 0.0000 -0.0011 -0.0021 -0.0032 -0.0041 -0.0051 -0.0059 -0.0069 -0.0079 -0.0087 -0.0092

-0.50 0.0000 -0.0011 -0.0022 -0.0033 -0.0043 -0.0053 -0.0062 -0.0073 -0.0083 -0.0092 -0.0099

-0.60 0.0000 -0.0012 -0.0023 -0.0034 -0.0045 -0.0055 -0.0065 -0.0076 -0.0087 -0.0097 -0.0105

-0.70 0.0000 -0.0012 -0.0024 -0.0035 -0.0046 -0.0057 -0.0067 -0.0078 -0.0089 -0.0100 -0.0110

-0.80 0.0000 -0.0012 -0.0024 -0.0036 -0.0047 -0.0058 -0.0068 -0.0080 -0.0091 -0.0102 -0.0113

-0.90 0.0000 -0.0012 -0.0025 -0.0036 -0.0047 -0.0059 -0.0069 -0.0081 -0.0093 -0.0104 -0.0116

-1.00 0.0000 -0.0012 -0.0025 -0.0037 -0.0048 -0.0059 -0.0070 -0.0081 -0.0094 -0.0106 -0.0118

-1.10 0.0000 -0.0012 -0.0025 -0.0037 -0.0048 -0.0059 -0.0070 -0.0082 -0.0094 -0.0106 -0.0120

-1.20 0.0000 -0.0012 -0.0025 -0.0037 -0.0048 -0.0060 -0.0070 -0.0082 -0.0094 -0.0107 -0.0121

-1.40 0.0000 -0.0012 -0.0025 -0.0037 -0.0048 -0.0059 -0.0070 -0.0082 -0.0094 -0.0107 -0.0122

-2.00 0.0000 -0.0012 -0.0023 -0.0035 -0.0045 -0.0056 -0.0067 -0.0078 -0.0091 -0.0106 -0.0123

-3.00 0.0000 -0.0010 -0.0020 -0.0030 -0.0040 -0.0050 -'0.0060 -0.0072 -0.0087 -0.0104 -0.0124

-10.00 0.0000 -0.0005 -0.0011 -0.0017 -0.0025 -0.0034 -0.0045 -0.0058 -0.0074 -0.0092 -0.0111

-6 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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TABLE 49.- PITCH MOMENT DERIVATIVE, CMx c , y 
= 10, P - 1.15

0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 0.7000 0.8000 0,9000 1.0000

0.50 0.0000 0.0021 0,0044 0.0073 0.0109 0.0157 0.0220 0.0307 0.042R .0582 0.0767

0.40 0.0000 0.0021 0.0044 0.0072 0.0107 0.0154 0.0215 0.0298 "0.0411 0.0552 0.0714

0.30 0.0000 0.0020 0.0043 0.0070 0.0105 0.0149 0.0207 0.0285 0.0388 0.0513 0.0649

0.20 0.0000 0.0020 0.0042 0.0069 0.0101 0.0143 0.0197 0.026P 0.0361 0.046P 0.0580

0.10 0.0000 0.0019 0.0041 0.0066 0.0097 0.0136 0.0186 0.0250 0.0331 0.0422 0.0513

0.00 0.0000 0.0019 0.0040 0.0064 0.0093 0.0129 0.0175 0.0232 0.0302 0.0377 0.0451

-0.10 0.0000 0.0018 0.0038 0.0061 0.0088 0.0121 0.0163 0.0213 0.0273 0.0336 0.0306

-0.20 0.0000 0.0017 0.0037 0.0058 0.0083 0.0114 0.0151 0.0195 0.0246 0.0299 0.0348

-0.30 0.0000 0.0017 0.0035 0.0055 0.0078 0.0106 0.0139 0.017, 0.0222 0.0266 0.0306

-0.40 0.0000 0.0016 0.0033 0.0052 0.0074 0.0099 0.0128 0.0162 0.0200 0.0237 0.0270

-0.50 0.0000 0.0015 0.0031 0.0049 0.0069 0.0092 0.0118 0.0148 0.0180 0.0211 0.0240

-0.60 0.0000 0.0014 0.0030 0.0046 0.0065 0.0085 0.0109 0.0135 0.0162 0.0189 0.0214

-0.70 0.0000 0.0013 0.0028 0.0043 0.0060 0.0079 0.0100 0.0123 0.0147 0.0171 0.0192

-0.80 0.0000 0.0013 0.0026 0.0041 0.0056 0.0073 0.0092 0.0113 0.0134 0.0154 0.0173

-0.90 0.0000 0.0012 0.0025 0.0038 0.0053 0.0068 0.0085 0.0103 0.0122 0.0140 0.0157-

-1.00 0.0000 0.0011 0.0023 0.0036 0.0049 0.0063 0.0079 0.0095 0.0111 0.0128 0.0143

-1.10 0.0000 0.0011 0.0022 0.0034 0.0046 0.0059 0.0073 0.0087 0.0102 0.0117 0.0131

-1.20 0.0000 0.0010 0.0021 0.0031 0.0043 0.0055 0.0068 0.0081 0.0004 0.0108 0.0121

-1.40 0.0000 0.0009 0.0018 0.0028 0.0038 0.0048 0.0059 0.0070 0.0081 0.0002 0.0105

-2.00 0.0000 0.0006 0.0013 0.0019 0.0026 0.0033 0.0040 0.0048 0.0056 0.0065 0.0076

-3.00 0.0000 0.0003 0.0008 0.0012 0.0017 0.0021 0.0027 0.0032 0.003R 0.0047 0.0059

-10.00 0.0000 0.0000 0.0001 0.0002 0.0003 0.0005 0.0008 0.0011 0.0014 0.0018 0.0025

_0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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